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FOREWORD

This Sp~ciaI Report was prepared under Contract F04611-7--~6

for the Air Force Rocket 1'roipulsion Laboratory, Edwards Air Force Base,

California. The report surmnarizes the practical experience gained on pro-

pellant graia i-vstrumentation during the 3 years of the AFRPL- sponsored

StrUctural Test Vehicle Program,

This Special Repor-t has been reviewed and is approved,

R. T. Schuder, Capt., USAF
AFRPL Project Engineer
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ABSTRACT

This Special Report summarizes experience gained on prc~pIUant grain

instrumentation during 3 years of effort on the AFRPL-sponsored Structural

Tes~t Vehicle (STV) Program. The report discusses the types of stress-

strain-, atnd temperature -measuring transducers available for use in solid

propellan't grains, methods of calibrating the transducers, installation

ftechniques. and special L-andling problems. The report is designed for use

as a practical "how to do" guide in the study of propellant grain structural

I integrity.

VI

II4

-iiiW

-CMVM -OOPWA O#^$



3 AFRPL-TR-71d-11 433-S-1

CONTENTS 2_
* Section

I INTRODUCTION 1 1

2 STRAIN MEASUREMENT 2-1

2. 1 TYPES OF TRANSDUCER 2-1

2. 1. 1 Surface Strain Gages 2-1

2.1.2 Clip-Type Surface Strain Gages 2-5

S 2.1.3 Elastomeric Surface Strain Gages 2-8

2.1.4 Embedded Strain Gages (Shear Gages) 2-10

2.1.5 Optical Surfacer Strain Measuring
Techniques 2-14

2.2 APPLICABILITY OF STRAIN TRANSDUCERS 2-15

2.2.1 Resistance Strain Gages 2-15

2.2.2 Clip-Type Surface Strain Gages 2-17

2.2.3 Elastomeric Surface Strain Gages 2-17

2.2.4 Embedded Strain Gages 2-17

2.2.5 Moire Grid Technique 2-18

2.3 CALIBRATION TECHNIQUES FOR STRAIN
4A GAGES 2-19

2.3.1 Resistance Strain Gages 2-19

2.3.2 Clip-Type Surface Strain Gages 2-22

2.3.3 Elastomeric Surface Strain Gages 2-24

Z.3.4 Embedded Strain Gages 2-28

2.3.5 Moire Grid Strain Measurement 2-351'
S2.4 INSTALLATION OF STRAIN GAGES 2-36

2.4. 1 Surface Strain Gages 2-36

2.4.2 Clip-Type Surface Strain Gages 2-36

-iv -

- | mmy



AIRPL-TR,-71-131 4334 --

Section

2.4.3 Elastomeric Surface Strain Gages 2-37

2.4+4 Embedded Strain Gages 2-37

3 STRESS MEASUREMENT 3-1 9

3.1 TYPES OF TRANSDUCER 3-1

3.1.1 Transducer Classification 3-1

3.1.2 Through-the-Case Normal Stress
Transducers 3-1 {

I 3.1.3 Embedded Miniature Diaphragm Normal!
Stress Transducers 3-3

3.1.4 Through-the-Case Shear Stress
Transducers 3-10

3.1.5 Interfacial Case-Grain Shear Stress

Transducers 3-13

3.2 APPLICATIONS FOR STRESS TRANSDUCERS 3-13

3.2.1 Through-the-Case Normal and Shear
Stress Transducers 3- 13

3.2.2 Miniature Diaphragm Normal Stress
Transducers 3-15

3.2.3 Interfacial or Embedded Shear Stress
Transducers 3-16

1 3.3 CALIBRATION TECHNIQUES FOR STRESS
TRANSDUCERS 3-17

3.3.1 Approach 3-17

3.3.2 Gage Calibration Fixtures 3-17

1 3.3.3 Gage Calibration Procedures in
Elastic Media 3-19

3.3.4 Stress Transducer Calibration

Procedures in Viscoelastic Media 3-26

3.3.5 Alternating Tension and Compression
Calibration Testing 3-29

* -v -

3 W KN P IIUW .M+



I ~CONTENTS (Continued) -

I 3.3.6 Typical Calibration Data for a StressB
Transducer in a Viscoelastic Ma.terial 3-32

3 3.3.7 In Situ Calibration of Embedded Stress
Transducers 3-37

13.4 INSTALLATION OF STRESS TRANSDUCERS 3-38

3.4.1 Through -the -Came, Normal~and Shear
*Stress Transducers 3-38

3.4.2 Miniature Diaphragm Stress Transducers 3-39

J3.4.3 Embedded Shear Stress Transducers 3-40

3.4.4 Transducer Installation in ExistingJJCast Motor 3-40

4 TEMPERATURE MEASUREMENT 4-1

14.1 TYPES OF TEMPERATURE SENSOR 4-1

4. 1.1 Thermocouples 4-1

4.1.2 Thermistors 4-2

j4.2 INSTALLATION TECHNIQUES 4-4

5 TRANSDUCER DATA INTERPRETATION 5-1

j5.1 INTRODUCTION 5-1

5.2 INTEGRAL EQUATIONS FOR DATA REDUCTION 5-1

I ~5,2. 1 General Case of Transducer in
Vis coelastic Medium 5-1

5.2.2 Transducer in Elastic Media 5-2

6 REFERENCES 6-1

II -vi-



3AFRPL-TR-71-131 433-S-1 1 Nr
SI I,,• l~t I N. L . ,•li .I o \,, ZIl.A1Ul A).•

A22pendix Eat,

A GAGE-GRAIN INTERACTION A-1

A. I INTRODUCTION A-1

A.2 tRANSDUCER CLASSIFICATION A-2

A.3 TRANSDUCER REQUIREMENTS A-3

A.3.1 Free Surface Deformation
Measurements A-3

A. 3.2 Measurements at Constrained
Surfaces (Interfaces) A-4

A.3.3 Measurement of Stress and Strain
Inside a Grain A-5

A.4 TRANSDUCERS IN ELASTIC MEDIA A-7

A.5 TRANSDUCERS IN VISCOELASTIC MEDIA A-8

A.6 EFFE2TS OF PROPELLANT ON TRANSDUCER
RESPONSE A-9

A.7 EFFECTS OF TRANSDUCER ON PROPELLANT
STRESS/STRAIN FIELD A-13

B TRANSDUCER CALIBRATION B-I

B. I GENERAL APPROACH B-i

1B.2 ERRORS AND INACCURACIES IN
ELECTROMECHANICAL SENSOR DATA B-I

B.3 PRINCIPLES OF CAGE CALIBRATION B-2

[ 1B.3.1 Introduction B-3

3B.3.2 Material Characterization and Gage
Calibration 134

B.3.3 Gage Calibration for Elastic S.-3ds B-7

B.3.4 Gage Calibration for I inear
Viscoelastic Solids B-8

13.B3.5 Gage Interaktion Probleni B-9

S• ~-vii -

f SUt¢•tlllliO0ULS~iON C".OMA



ILLUSTRATIONS

Figure PEae

2-1 Resistance Strain Gages 2-2

2-2 Resistance Strain Gage Bridge Circuit 2-4

2-3 Free Surface Clip-Type Strain Transducer 2-6

12-4 Techniques for Attaching Surface Clip Gage to

Propellant Grain 2-7

S2-5 Southw est Research Institute (SW R I) Elastom eric" Surface Strain Gage 2-9

2-6 Embedded Shear Strain Transducers 2-12

2-7 Shear Cube Configuration and Modes of Connection 2-13

[:- • • 2-8 Method of Using the Moir6 Grid Technique on Suc tn g-
Propellant Specimen 2-16

- - 2-9 Bridge Circuit for Semiconductor Strain Gages 2-20

2-10 Calibration Fixture for Clip Gage Strain Calibration 2-23

2-1 1 Clip Gage Calibration Data versus Temperature and
Displacement 2-25

2-12 Bridge Circuit for Low Resistance SWRI Elastomeric
Gages 2-26

2-13 SWRI Elastomeric Gage Output versus Temperature

w- and Displacement 2-27

2-14 Shear Calibratioi, Test Fixture 2-29

2-15 Constant Strain Test Data from Shear Cube 2-31

2-16 Shear Strain Sensitivity versus Log Reduced Time 2-31

2-17 Log Shift Fac.ors Log aT versus Temperature 2-32

2-18 Shear Gage Sensitivity Data Shifted by Propellant
Shift Factors 2-33

2-19 Shear Gage Sensitivity Data after Vertical Shift Applied 2-33

2-20 Vertical Shift Factors for Shear Gage Data 2-34

-vRii -
S~~~LOCKHEE1D1 PRlOPLSION CQMPANY



AFPL -TR -71 -131 433-S - .

ILLUSTRATIONS (Continued)

FiureEa

3-1 Through-the-Case Stress Gage Schematic 3-2

3-2 Rocketdynels Through -the -Case Normal Stress
Piston-Type Tranrducer 3-4

3-3 Konigsberg's Through-the -Case Normal Stress
Diaphragm-Type Transducer 3-5

3-4 Miniature Diaphragra Gage Schematic 3-6

3-5 Diaphragm Gages Used in STV Program 3-8

3-6 Diaphragm Gage Response versus Temperature 3-9

3-7 Prototype Through-the -Case Shear Stress Transducer 3-11

3-8 Rockeidyne's Modified Four-Web Through-the-Case
Shear Stress Transducer 3-12

3-9 Bridge Schematic, Through-the-Case Shear Stress

Transducer 3-14

3-10 Uniaxial Calibration Test Fixture 3-18

3-11 Shear Calibration Test Fixture 3-20

3-12 Schematic of Lniaxial Test Fixture Showing Zone
Sof Influence of Gage at Propellant Interface 3-21

3-13 Gage Sensitivity Calibration Data for 25-psi Gage
Embedded in an Elastic Material 3-23

-3-14 25-psi Transducer Sensitivity in Propellant versus
Temperature 3-24

3-15 Zero Load Gage Readings for Z5-psi Pressure Gage
Before and After Bonding to Propellant 3-25

3-16 Alternating Tensile and Compressive Loading and
Antie-ipated Gage Response 3-30

3-17 Apparatus for Applying Alternating Tensile and

Compressive Loads to Uniaxial Test Fixture 3-31

3-18 Tensile and Compressive Zero Load Conditions 3-33

3-19 Uniaxial Test Fixture No. 2: Alternating Tension
and Compression Test Data 3-34

I -ix -

LCKW41WO -1 UU"C4 CO44I



AFRPL-TR-71-13 1 4334 1

ILLUSTRATIONS (Continued)

3-20 25-psi Diaphragm Stress Transducer Calibration
Data in STV Propellant 3-35f

Z 3-21 Time-Temperature Shift Factors Log aT versus
Temperature 3-36

3-23 Sketch of Typical "Hole Assembly" for Minuteman It
. _First Stage Motor 3-42 !I

•i- ""4-1 Thermistor Bridge Circuit -

A-I Superposition of Loadings I for Diaphragm Gage•?!•Analysis A- Il

&3I !• A-2 Gage Output Ratio versus Log Shear Modulus G A-12I

A-3 Stress Concentration Around Hole in Sheet Subject

S• A-4 Stress Concentration Around Rigid Spherical Inclusion
in Bar Subject to Simple Tension A-16

•A-5 25-psi Diaphragm Gage in Bond-in-Tension Specimen:
Normalized Axial Stress at Gage Level A-17

Fixture under Axial Load A-18

A-7 150-psi Diaphragm Gage in Uniaxial Calibration
Fixture under Hydrostatic Load A-19

B-I Gage and Embedding Material System B-3

I-

I L

_X_
Ii LU@KMGUU OPmpSbW ORMW



ATRLPL TR-71 131438

Section I

INTRODUCTION

The purpose of this Special Report is to assemble in one place the

f practical experience gained on propellant grain instrumentation during the

3 years of the AFRPL-sponsored Structural Test Vehicle (STV) Program.

r Some of the information contained in this report will be found in the

earlier STV Final Reports (References I and 2). Much of the information

has not been published before and is presented here at the request of Capt.

Ray Schuder, the AFRPL Project Eagineer. He requested a "How To Do"

type of report that could be used by those interested in making practical

use of the instruments and techniques developed during the STV program.

To this end, the body of the report consists of three sections:

Section 2, concerned with strain measuring transducers,

U Section 3, which considers stress transducers, and

Section 4, dealing with the measurement of temperature

in a solid propellant motor.

The three sections consider, in turn, the types of transducer available,

u their applications, methods of calibrating the devices, and finally, installa-

tion techniques a"d special handling problems. The report is intended to beIL: practical rather than theoretical.

Because much of the technique for using the various transducers is

based on overcoming the gage-propellant interaction problem, two appen-

dixes are included with the report. The first gives a fairly detailed

account of the problem of gage-grain interaction so that the reasons for

many of the operations will be clear to those who wish to know. The second

appendix reviews the theoretical consideration behind the transducer cali-

I bration procedures.

It is hoped that this Special Report will prove useful to many people

interested in the use of propellant stress-, strain-, and temperature-

measuring transducers.

1i
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Section 2

STRAIN MEASUREMENT

21TYPES OF TRANSDUCER

•il Transducers for the measurement of strain are commonly referred-to

as "Strain Gages". Of the many techniquee available for the measurement

of strains, the transducer is one of the more fundamental types of measure-

ment. Historically, the majority -of the strain measuring techniques was

developed for the measurement of extension or deformation of a metallic rod

or sheet.

The several types of strain measuring transducer may be broadly

II categorized as follows:

(1) Surface strain gages

(2) Embedded strain gages

(3) Optical deformation sensors

(4) Optical fringe techniques, e. g., Moire grid

Other devices may have been used from' time to time, but the above

comprise the most useful for strain measurement. Following are brief

descriptions of these various types of strain transducer.

2.1.1 Surface Strain Gages

These devices, typified by the Baldwin SR-4 electrical resistance

strain gages, were designed and made primarily for the measurement of

surface strains in metallic components. They consist ot either a giid of

fine-gage resistance wire attached to a paper or plastic film backing

(Figure 2-l),or alternatively, of a grid made of etc¢he metallic foil.

Another type of resistance strain gage also is shown in Figure 2-1. This

1 is the "unbonded" strain gage, and in th,. instance the gage wire is not

bonded to the free surface but is wound around pins that are attached to

i the surface as shown.

More recently, a miniature "solid-state" surface strain gage has been

developed, consisting of a small chip or splinter of doped silicon semi-

conductor material. These gages can be very small, less than 0.05 inch

J Ulong, and they are very sensitive to the applied strain.

2-1

-F-p



- AFR-PL-TR-71 131 433-S-1

-u

PAPER, PLASTIC OR RESISTANCE WIRE OR
EPOXY ACKINGFOIL GRID -

A. RESISTANCE STRAIN GAGE

B. UNBONDED STRAIN GAGE

jjFigure 2 -1 Resistance Strain Gages

a 2-2



Despitk, the physical differences between the different types of strain

gage, they all operate on the bame principle, as follows:

The gage is firmly attached to the surface under strain with a strong I
adhesive, typically an epoxy resin. Another, similar gage is attached "A
either a! right angles to the first gage, or to another, unstrained piece of

metal that is oubjected to the same temperature ats the strained gage. (The

purpose of the second gage is to balance out changes in gage resistance due
to changes in temperature. Thus, the gagv may be eithex unstrained, or

installed perpei~dicular to the diredtion of strain, thereby taking advantage

of the Poisson effect and giving an enhanced output signal.)

L The two gages are then connected to a bridge circuit, as shown in

-i Figuz.re 2-2, with two fixed resistances used as the other two arms. A

supply voltage is connected to the bridge and when the gages are strained,

an output signal is produced across the bridge.

The magnitude of this signal is determined from the equation

E s (I- +(1v)GF (,E

where

E output signal (usually 5 to 10 mv with i W0O gages,
0

E supply voltage (commonly 5-volt mnaximi-m vith i1I02 gages)
s

GF "Gage Factor" of strain gages; i.e., change i'n vit gage

resistance for unit applied strain

applied strain

The (1 + v) factor is only applicable if the second gage is subiect to the

Poisson strain; otberwise the v term must be deleted.
It will be noted that the gage sensitivity is determined pr.ncipally by

the "gage factor"of the strain gages. Most normal resistance wire gag.es

have a gage factor of approxi. iately 2.0, but the semiconductor strain gages

have gage factors as high as 150.0, which makes them considerably more

sensitive.

Semiconductor gages have found (onsiderable ube, therefore. where

high sensitivity is required, and they operate at mu.ich lower current levels
than the wire or foil gages. A major problem with semiconductor strain

gages is their marked zhange in resistance with temperature, which results

iiin large output signals under transient theriai onditions unless precautions

S~2-3
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SUPPLY
VOLTAGE+

STRAI GAGEFIXED RESISTOR

OUTPUT
SIGNAL

POISSON OR DUMMY FIXED RESISTOR
SYRAIN GAGE

SUPPLY
CVOLTAGE -

Figure 2-2 Resistance Strain Gage Bridge Circuit
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are taken to eliminate the effect. The use of Wheatstone bridge circuits

and the addition of series and parallel passive resistors across the gage

elements have enabled these devices to be used across a wide range of tem-

peratures with virtually no change in thermal zero signal and almost no

change in gage sensitivity (Ref 2).

2.1.2 Clip-Type Surface Strain Gages

The problemn with the conventional surface strain gages is the fact that

they can be used only on a rigid surface, such as a metal motor case, if 1
precise strain values are required. They cannot be ubed as strain gages in h
conjunction with t elastomeric materials such as propellant. The gage

element is much stiffer than the propellant surface so that the gage cannot
deform with the propellant. Consequently, erroneous strain me&surements

- would result.

Thus, for the meatwrement of surface strains at the borf of a propel-

lant grain, the clip gage illustrated in Figure 2-3 has been developed.

The gage consists of a small clip made from thin metallic foil to which

are attached two resistance strain gages, as shown. When the two feet ofI ~the clip gage are displaced relative to each other, the central beam of the

clin Ls subjected to bending, which produces a tensile strain in one of the
strain gages and a corresponding compressive strain in the other gage.

Both ioil strain gage elements and semiconductor strain gages can be

used with the clip gage. The semiconductor gages produce a more sensi-

tive surface strain measuring device, but with a more restricted range of

J strain. A detailed description and evaluation of the clip gages will be found

in Rocketdyne's Transducer Development Program Final Report (Ref 3).

This type of gage has proved extremely accurate in the laboratory for smallS~~displacem~ent measurement, and it has also given good results in motor •

tests, such as those of the STV program at LPC and the Minuteman program

(Rocketdyne, Ref 4).

The major problem with the clip gage is the method of attaching the

gage to the surface of the propellant grain. Apart from the obvious diffi-

culty of being able to reach far enough inside the grain to place the gage in

the desired location, it was found that simply bonding the tabs to the grain

Li surface, as shown in Figure 2- 4 (a), was unreliable. In fact, the gages

2-5
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ADHESIVE BOND

(A) ADHESIVE BONDING OF TABS TO PROPELLANT SURFACE

"METAL PINS

ADHESIVE BOND

(B) ADHESIVE B½.-DING OF SEPARATE PINS TO PROPELLANT SURFACE

SMETAL PINS

(C) USING PINS EMBEDDED IN THE PROPELLANT GRAIN

Figure 2-4 Techniques for Attaching Surface Clip Gage to
Propellant Grain

2-7
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became unbonded during thermal cycling tests of the STVs. Alternate

methods devised to solve this problern are illustrated in Figure 2-4(b)

and (c).

Rocketdyne's solut49n to the problem was to bond small feet to the

surface of the propellant, as shown in Figure 2-4(b). The clip gage has

holes drilled in the tabs, which locate on the turned-down section of the

pins. In this manner the precise gage length is predetermined and the

bench calibrations may be used with confidence.

Because of the possibility of failure of the adhesive bond between the

feet and the propellant surface under repeated thermal cycles, the technique

shown in Figure 2-4(c) was adopted at LPC to install surface measuring

strain gages in the Bomb Dumwmy Unit Flight Test Vehicle. Metal pins are

smeared with adhesive, pushed into the propellant surface, and bonded in

place. The clip gage with holes drilled in the tabs is then fitted in place

onto the pins and small amounts of epoxy adhesive are placed on the top

surface of the tabs to prevent the clip gage from falling .off. While this is

the mnost positive technique available for attaching the surface clip gages,

it cannot be used in a situation of very high strain because insertion ri the

pins could cause cracking of the propellant grain. This approach is there-

fore not suitable for the measurer-,ent of surface strains up to failure

conditions.

Another type of problem that may be encountered with the clip gage is

resonance of a part of the gage during vibration testing. This has not been

observed during operational use of the clip gages but it is clear that some

resonance effects must be anticipated if the excitation frequency becomes

high enough. A possible imethod of eliminating or mnimimizing this problem

would be to affLx a small piece of foam rubber to the inner surtaces of the

clip gage. The foam would not apply a significant force to prevent slow

frequency displacement but should supply damping at high frequencies and

thereby prevent or at least reduce any resonant displacement.

2_. 1.3 .Pastomeric "surface Straini Gages

A surface strain icasuring device developed especially for use with

soft materials such as propellant is the mercury-filled elastoineric gage

of the South West Research lnstit~ute (SWRI), as shown in Figure 2-5. This

2-8
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UI
device approaches% the ideal ot a zero-stitiness and hence a zer-o-iorce strain

sensor because the measuring elenent is an elastomeric tube filled with an

electrically conductive liquid (mercury alloy).

SUnfortunately, the chief virtue of this device is also its major drawback.

Because the sensor is a liquid contained within an elastomer, -t deforms
•-• readily with the surfacZý to which it is attached and applies negligible restraint •

to that deformation. By the same token, the device does not have a well-

defined zero strain configuration and consequently the data from the gage

are somewhat unreliable and unrepeatable. This type of gage is more suited

to qualitative rather than precise quantitative measurements of surface strain.

The development of this type of surface strain gage is described in

Reference 5, and an evaluation of the gage may be found in Rocketdyne's

final report, Reference 3.

Another type of surface strain measuring sensor can be made from

conducting polymers, such as Union Carbide's material DQDA. Under

mechanical deformation this material changes its resistance so that it may

be used as a strain sensing element. Again, this type of material has

suitable physical properties in that it has a low modulus similar to that of

propellant.

Apart from the dimensional stability problem, which affects this type of

elastomer in the same manner as it does the SWRI strain gage, the con-

ducting polymer type of material also was found to have another drawback.

This is the extreme sensitivity of gage resistance to changes in tempera-

ture. Typically, resistance may change from 200,000 ohms at 0°F to 200

rmegohms at 200°F; i. e. , a change of three orders of magnitude.

Although the majority of this resistance change may be eliminated by

using pairs of sensors in a bridge circuit, it is doubtful if the strain sen-

sitivity would stand out amongst the thermal error signals.

"2.1.4 Embedded Strain Gages (Shear Gages)

In this discussion the problen~s associated with the use of embedded

transducers will be ignored and ,nnmnents will be confined to the devices

"thembelves. A later section %vili cover the gage-grain interaction problemA'

and the interference problem associated with embedded gages.

2-10
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Although it is possible to consider any of the various types of surface

strain measuring gages as embeddable gages, in practice the only type of

Sembedded device thac has been used to any extent is the embedded shear

strain gage. Several types of shear gage have been developed over the past

decade for the measurement of shear strain at the propellant-case inter-

face of a solid propellant rocket motor. Several of these devices are

sketched in Figure 2-6.

The first embedded shear gage is the shear cube developed at LPC

from the shear transducer manufactured by Gulton Industries for the

Hercules Powder Company (Ref 6). The transducer is simple, containing

a pair of semiconductor strain gages mounted perpendicularly to each other

% •and at a 45-degree angle to the mounting surface of the cube. In operation,

the two gages are connected in a Wheatstone bridge circuit, as shown in

Figure 2-7, to measure either the shear strain in the shear mode of con-

nection, or the rormal strain in the normal mode of connection.

When the gages are connected in the shear mode, changes in gage

resistance caused by temperature effects are largely self-compensating,

providing that the two gage elements are well matched. In the normal mode

of connection, however, the thermal resistance changes in the gage elements

do not cancel one another so that there is a large variable output Z's a func-

tion of temperature, and the strain effects must be obtained from this

variable baseline. This means that the normal strains cannot be measured

71 as accurately with the shear cube as can the shear strains.

The shear transducer shown in Figure 2-6(b), is the device developed

by The Boeing Company for the measurement of interfacial shear deforma-

S4 tior. at a propellant-case interface (Ref 7). A shear strain applied to the

block of low-modulus rubber produces bending in the strain-gaged metal

element and provides an electrical signal from the bridge circuit. The

9 four-active-gage configuration provides a very sensitive type of shear gage.

A similar type of shear strain measuring transducer is shown in

Figure 2-6(c). In this case, the application of shear strain to the propel-

lant or elastomer causes the beam to bend and produces an electrical output

signal from the two strain gages mounted on the deflecting beam. By a

suitable choice of metal element thickness, the range of both of these types

of transducer can be varied between wide limits.

ii 2-11
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I Advantages of the embedded strain measuring devices of the types

described above include the following:

(1) They are essentially simple devices and could be relatively

inexpensive.

(2) They can be extremely sensitive.

(3) Their range of measurement can be changed within wide

limits.

(4) They can be arranged to measure shear or normal

deformations.JDisadvantages of this type of deformation transducers include the

following:

(1) The inclusion of the strain gages or metallic elements

disturbs the stress and strain field locally.

(2) The possibility of slip between the elements and the matrLx

may lead to lack of repeatability of data, especially under

R varying temperature conditions.

(3) They are not suitable for measuring high local surface

strains that may occur at the bore of a grain.

However, this type of embedded shear strain measuring device has

been used with considerable success in the development of motors such as

SRAM and in the flight tests of motors for high acceleration conditions,

e. g., Hibex and Sprint. Their biggest problem is that they are incapable

of resolving a complex strain field into just the shear component. Thus,

the output signals from these gages will be influenced by components of the

strain field other than the shear component. They should not be used,

therefore, under conditions of complex stress/strain environment, such as

the termination points of a grain.

2.1.5 Optical Surface Strain Measuring Techniques

Although many devices employing the optical lever principle have been

used for the measurement of small displacements, the most common type

r of optical device used for measuring surface strains is the Moire grid

technique. The Moire method has been used extensively to determine

surface strains in metals, plastics, and propellants (Ref 8 through i2'.

ii2-14
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U The Moire effect is an optical phenomenon produced when two similar
arrays of dots or lines are superimposed, resulting in the formati.on of
altternating light and dark fringes. Since the fringes are the repAt of rela-

tive displacement of the two arrays, they may be itsed as a tool for making

strain measurements. The sensitivity of the system depends on the spacing

of the grid lines.

Methods have been developed for measuring local strains on propellant

surfaces and on curved surfaces, e. g., the internal bore of a propellant

grain. Grid systems with 350 lines per inch have been used routinely /n
studies on propellant.

The method of using the Moire' grid technique on propellant specimens
is illustrated in Figure 2-8. A compatible white latex paint is first sprayed

onto the propellant surface and a grid is photographically imprinted onto the

paint. An identical "master" grid is printed onto a thin, flexible, trans-
parent sheet, and a thin coat of silicone grease is used to hold the master

grid against the propellant surface. When the propellant strains, the grid

on its surface distorts and moves relative to the master grid, thereby

creating the Moire fringes.

This technique closely approaches the ideal of a zero resistance surface
strain gage, the slight resistance due to the silicone grease being the only

restraint on deformation.

2 • 2.2 APPLICABILITY OF STRAIN TRANSDUCERS

2.2.1 Resistance Strain Gages

The main application for conventional foil or semiconductor strain gages
is for the measurement of the strain induced in inert motor components such

as the motor case, the nozzle, and other inert components, Gages of this
kind are intended to be used on rigid surfaces and preferably on metallic

- components. Depending on the precision required of the strain measure-
ment, it is possible to obtain gages made especially for attaching to a given

type of metal, and providing a precise match for the thermal coefficient of
J •expansion of that metal.

Motor case strain measurements may be used, for example, to investi-

Irate the design of a ca:c under firing conditions or to determine the bending

2-19)
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'trainsa r*tAtina f.nrn fliaht-tvne loads. They may even be used as an

indication of the thermally induced interfacial tensile stresses, providing

that the sensitive semiconductor type of gage is employed.

2.2.2 Clip-Type Surface Strain Gages

Clip-type devices are designed to monitor the strains induced in rela-

tively soft materials such as propellant, soft plastics, or rubbers. They

I may be used to monitor slowly changing or static-type loadings, or they

may also be used for the measurement of dynamic (vibration) loads for

Sfrequencies up to approximately 1000 Hz. (They will also measure higher-

frequency deformations, but may require special damping to eliminate

internal resonances within the clip gage.)

2.2.3 Elastomeric Surface Strain Gages

wl Devices such as the SWRI mercury-filled elastomeric strain gages

were developed primarily for the measurement of surface strains on soft

materials such as propellant or rubber. They are devices essentially for

measuring approximate strain values under conditions when no other gage

will perform, e. g., in measu-" g the failure strain at the bore of propel-

lant grains.

The strain values derived from these gages must be used with caution,

and the possibility of a considerable error band must be recognized. It is

known that several companies have used the devices for motor failure

strain measurement with some degree of success. It is recommended that

these devices be used in groups so that several readings of a strain value

can be obtained. If the various gages all read approximately the same

strain value, then it may be assumed that the datum point is real.

2.2.4 Embedded Strain Gages

The embedded types of strain gages discussed earlier were developed

especially for the measurement of strain at the case-propellant interface

of a solid propellant motor. Their principal use, therefore, is for the

measurement of interfacial shear strains in relatively soft elastomeric

materials. The shear cube may also be used to measure normal strains

but is not so accurate when connected for such measurements as it is for

shear strain measurements.

2-17
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Generally, the material or matrix surrounding the gage elements or the

bending clip will be the same as that of the, propellant grain. This method

provides the most accurate shear data. If another material is used for the

gage, then there will be a slight mismatch between the matrix material and

5 the propellant grain, which can impair the accuracy of the gage data. How-

ever, in some instances the slight reduction in accuracy is more than corn-

pensated by the reduced safety hazard when the gage element is embedded in

an inert material, e. g., a dummy propellant. For example, during the

early stages of the STV program an attempt was made to apply excessive

S current through four gages embedded within a small cube of live- STV pro-

pellant. All four gages were connected in parallel and increasing voltage

was applied to them. Eventually the gages burned out, in this instance

before enough local heat was generated to ignite the small propellant cube.

Ignition of a more sensitive propellant cou1ld result from the application of

an excessive voltage to an embedded gage. For this reason, the operating " n

current in the semiconductor strain gages is usually maintained at about

1.0 ma, thereby keeping heat dissipation through the gage to a very low

level. To maintain the 1.0-ma current maximum, the bridge voltage should

not exceed 2 volts for a shear gage made from live propellant. This will

still provide a gage sensitivity of 20 mv/psi shear.

2.2.5 Moire Grid Technique

The Moire approach may be used to measure surface strains on any

exposed surface that is flat or nearly flat. The surface has to be visible

so that the fringes can be observed and counted. Special techniques can be

used to measure the strains on curved surfaces by means of Moire grids,

as described in Reference 9.

jThe Moire technique can be used to measure the strains of soft

materials such as plastics, propellants, or rubbers, and it applies negli-

il gible restraint to the deformation of the surface.

II"
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2.3 CALIBRATION TECHNIQUES FOR STRAIN UAGES

"" •3.1 Resistance Stiain Gases ----

Resistance strain gages are now made so accurately that it is seldom -"

"necessary to calibrate the gage itself. In some applications varia tions in

the thickness of the adhesive used to bond the gages in place can produce

significant changes in response, necessitating an independent calibration of

the system.

A common method of calibrating the snecific gage-adhesive-substrate

5 system is to bond two gages to a length of the substrate material and test

the system in a bending test. The precise strain applied to the gages can

readily be deterrained and, from the gage output, the effective "gage factor"

for the system can be measured. The assumption is then made tnat this

= I effective 'gage factor' will be repeated on the actual gages in the operational

test mode.

In most practical applications, however, the gages are simply mounted

on the surface to be strained, e. g. , the exterior of a motor case, and the

gage factor supplied by the manufacturer is employed to determine the case

Istrain. H

For semiconductor strain gages, the gage factor should not be assumed

without checking. It is preferable in using these devices to perform a com-

plete calibration of the gage circuit across the whole temperature range

under consideration, and with the recommended type of power supply.

I in using semiconductor strain gages, it should be realized that circuit

changes should not be made without determining the full effects of the

5 changes across the whole tempeiature range. For instance, the circuit

generally employed with semiconductor strain gages is shown in Figure 2-9.

I Unlike the foil gages, the bridge circuit is usually supplied through a dropping

resistor RD from a relatively high voltage supply, e. g., 20 to 211 volts.

J This high voltage power supply, in conjunction with the high-value dropping

resistor, has the effect of minimizing current changes through the gages as

.the gages change resistance with temperature. The large series dropping

resistor produces a condition of almost constant current supply instead of

the constant voltage supply used with foil gages. A manufacturer using

5 semiconductor gages for a high-precision measuring instrument will

1 -2-19
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investigate combinations of different power supply voltages in conjunction

with different values of series and parallel supply resistors to obtain the

best compromise in the sensitivity-versus -temperature curve. A condition

somewhere between constant voltage and constant current is usually r- iired

to provide the best (most nearly constant) gage sensitivity as a func .on of

temperature.

The additional resistors It and R found in an operational semiconductor

gage circuit are inserted to minimize the change in zero reading as a function

of temperature. Thermal output signals result from small differences in the

change in gage resistance with temperature for the two gages in the bridge[ • circuit. To minimize this effect, the gage that shows the largest change in

gage resistance with, temperature is shanted with a large-value resistor R

which will reduce, the change in resistance with temperature. The shuntingU resistor will cause an "out-of-balance" in the bridge circuit at ambient

temperature, which is eliminated by the addition of the small series

resist;or Rs.

By investigating several combinations of series and parallel shunt

resistors across the required temperature range, the 6age manufacturer is

able to obtain the minimum change in gage zero load output signal.

In view of the precautions taken to produce very small changes in gage

sensitivity and zero drift, . is clear that resistance changes should not be

made without a careful review of the consequences. This includes the use

of shunt resistors to produce zero gage output under a given load condition.

Such resistors may completely change the zero output signal of the gage

circuit. Similarly, it is not good practice to operate semiconductor strain

gage bridge circuits with low-voltage supplies and simply eliminate the

dropping resistor. This can produce a significant change in gage sensi-

tivity with temperature.

It is hoped that the foregoing remarks will not be construed as intending

to imply that semiconductor gages are difficult to use. This is not true.

However, they cannot be used with the same simple approach as can foil

gages. If due precautions are employed in their use, then the very signi-

ficant advantages afforded by the high gage factor can be exploited to the

fullest extent.
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2.3.2 Clip-Type Surface Strain Gages

Thermal calibration. If the clip gage is to be used for the measure-

ment of surface strains across a range of temperatures, then the thermal

zero strain output signal from the clip gage must be determined as a func-

tion of temperature. Probably the best technique is to use a small block of

Invar to which are bonded two small pins with enlarged bases. Holes drilled

in the tabs of the clip gage locate on the two pins and hold the gage firmly

Sin place. The essentially zero coefficient of linear expansion of the block

of Invar maintains the feet of the clip gage at a constant distance apart
V •across the whole range of temperature required. The gage mounted on the

block is placed in a temperature-conditioning box and the temperature is set

at a desired value. Sufficient time is allowed for the gage and block to

attain thermal equilibrium before a reading of the gage output signal is

taken. The chamber temperature is then changed to another value and,

after thermal equilibrium is attained, another gage reading is taken.

In this manner the gage output readings for a fixed and known displace-

ment between the ieet of the clip gage are determined for a wide range of

temperatures.

This technique, adopted by the Rocketdyne Instrumentation Laboratory,

is probably the most accurate method of thermal calibration available.

For many applications it is unnecessary to go to this length. The clip gage

may be mounted on a piece of steel instead of Invar, and the thermal zero

strain gage readings taken as before. In this case, however, the steel block

will be changing dimensions slightly with temperature so that the actual gage

readings must be corrected for the thermal expansion or contraction of the

steel block in order to determine the precise zero strain readings. Depend-

ing on the use to which the gage is to be put, this small correction factor

may be ignored, especially if the change in readings is small and the gage

sensitivity to strain is very high; a common situation with the clip-type

surface strain gages.

Strain calibration. To calibrate the clip gages for strain, a small tool __

is used, equipped with a pair of jaws that can be moved relative to each

other either by a micrometer screw or a vernier slide. The two pins are

bonded to the jaws of the device, as shown in Figure 2-10, and the clip gage

is fixed in place, using a small amount of adhesive, if necessary.

J2-22 :
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Figure 2- 10 Calibration Fixture for Clip Gage Strain Calibration
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Readings of the clip gage output signals for various displacements of

the jaws of the device can then be made at a series of fixed temperatures.

[ I The common practice at LPC has been to use the displacement device for

determining the thermal zero readings as well as the strain calibration

readings. In this way, the two pins have to be bonded only once to the jaws

of the calibration device, and the thermal zero readings are made with the

jaws set to a known relative displacement.

Once the thermal and the strain calibration data are obtained, they

should be plotted as two separate graphs: (I) gage signal versus strain, or

j relative displacement of the clip gage feet, for a constant value of tempera-

ture, and (2) gage signal versus temperature for a constant separation of the
V feet of the clip gage (see Figure 2- 1). With these sets of data the gage

readings can be quickly interpreted as strain whether the problem be iso-

thermal pressurization or slow thermal cooling of a motor.

After calibration is completed, the clip gage can be removed from the

calibration fixture and is then ready for installation in the motor.

2.3.3 Elastomeric Surface Strain Gages

Elastomeric strain gages cannot be calibrated in a manner precisely

identical to the way they are used in a motor because they must be bondedi Iin place. Once a gage is bonded to a surface, it cannot be removed again

•ithout a very strong possibility of damage. For this reason, the gages

supplied by SWRI had a much longer piece of elastomer than was requiredI ~ for the gage- section. For calibration, they were bonded to the jaws of the
Iw calibration fixture (Figure 2-10) by the extra long extensions. The jaws

of the fixture were then displaced a known amount and a reading of the gage

resistance was taken for each displacement. Alternatively, the gage wasSconnected in a bridge circuit, as shown in Figure 2-12, and then the bridge

output signal was measuped for the various displacements.
__After completion of the calibration procedure, the extra lengths of

elast,3mer were removed from the _alibration jaws and then cut off the

gage without impairing its performance in later operational tests.

4lf the elastomeric gage is used in a bridge circuit such as that shown in

Figure 2-12 then the calibration output signals should be plotted as a func-

j 11 tion of strain for a fixed temperature, and the data should be plotted against

= I temperature for fixed strain values. Typica) data are shown in Figure 2-13.
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Alternatively, SWRI recommends the use of Lhe gage re ...... value.

in an equation of the type

R-C

where C is a constant supplied with the gage, and R. is'the gage resistance

at a specified initial temperature.

S2.3.4 Embedded Strain Gages

This type of device is probably the most difficult to calibrate properlyfil Iwithout the risk of damaging it after calibration is completed. The reason
for this problem is that the gages are calibrated in a shear test fixture such

as that sketched in Figure 2-14. The shear gage is manufactured from a

piece of cured propellant or elastomer of the type to be cast in the motor,

or from a piece of inert simulated propellant if the safety hazard is judged

too severe.

The shear gage is bonded to the central member of the chevron double

Lo overlap shear specimen, which may be wood or metal. The two outer

members of the specimen are fixed in the correct location relative to the

center member and propellant is cast into the specimen mold and cured.

After cure is complete, the shear test specimen is wired to an electrical

board to form the gage bridge circuit(s) and the specimen is placed in a tem-

perature conditioning box for calibratios;.

The specimen is mounted with the outer pieces attached firmly to the
crosshead and with the center arm of the se( i,,c•n rigidly attached to the

"load cell and the top of the testing machine.

Again, two calibrations are required, a thermal calibration and a strain

calibration. In the thermal calibration the specimen is held fixed under

zero strain conditions while the temperature is changed to a series of values

corresponding to the desired operating range.

T The strain calibration must be carried out at the various temperatures

by applying strain increments and monitoring the gage output signal. This

procedure is valid if the propellant or elastomer does not exhibit significant

viscoelasticity, since the implicit assumption is made that there is no

change in gage reading with time.

A 2-28
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I. When the gage reading is observed to change with time, showing that

the propellant is viscoelastic, then the calibration procedure must be

changed to that suitable for a time-dependent process. The calibration
technique used is the stress relaxation or constant strain type of test. A

known strain increment is applied to the specimen by means of a rapid

crosshead movement. The gage reading is then recorded for a period of

10 to 20 minutes as the stress in the specimen decays. Logarithmic time

intervals should be used for the gage readings in a iranner similar to the

procedure adopted for a propellant stress relaxation test,

I The constant strain tests should be repeated at the various tempera-

tures of interest. The resulting data obtained will probably resemble that3 shown in .'igure 2-15. These data curves may be translated along the log
time axis to produce a master gage calibration curve as a function of

S reduced time. The data of Figure 2-15 have been treated in this manner in

Figure 2-16, and the associated shift factor versus temperature data are

given in Figure 2-17.

If the stress relaxation data for the propellant are obtained simultaneously

with the gage calibration data, then a more accurate procedure may be used.

SA discussion of this approach is presented in Appendix A.

Briefly, the stress relaxation data are first shifted to produce a master

i stress relaxation modulus curve versus log reduced time. The gage data are

then shifted by the shift factors obtained from the ielaxation test data. In
4 many instances this will result in a smooth gage calibration function curve

but, in others, the individual temperature curves will be displaced as shown

Sin Figure 2-18. To produce a smooth master gage calibration curve, it is 1:
necessary to shift the various temperature curves in a vertical direction,

thereby producing the curve shown in Figure 2- 19. The small shift factorsII required to make all the temperature curves align are plotted against tem-

perature in Figure 2-20.

The vertical shift amounts to a correction for the change in sensitivity

with temperature and is independent of time. The reasons for this vertical

shift factor need not be discussed here. Suffice it to say that if the gage j
shows a marked change in sensitivity with temperature, perhaps due to poor

temperature compensation, then a vertical shift factor will probably be

ii required to bring the various temperature curves into alignment.
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in addition to the shear calibration of the gages, it is usually necessary

to determine the shear gage response to a normal strain so as to permit an

assessment of the inherent errors in the shear gage output data. This cali-

bration test is performed simply by rotating the specimen and gripping the

I wooden or metal edges in a pair of strip biaxial-type jaws. The specimen

is then strained in a normal direction and gage readings are taken as in the

shear tests. If a viscoelastic calibration is required for the shear tests, it
will probably be necessary for the normal strain tests. Depending on the

accuracy required from the shear gages, it may be necessary to perform

a normal strain calibration at various temperatures throughout the range of

interest. Conversely, it may be sufficient to determine cross sensitivity

3 at, for example, ambient temperature and to assume that it remains con-

stant at the various temperatures. Tre choice depends on the time available

[ I more than on any other criterion.

i.3.5 Moire Grid Strain Measurement

The only requirement for calibration of a Moire grid relates to the

actual spacing of the grid lines. This spacing, of course, determines the

number of fringes that will be obtained for a given relative displacement

between the master grid and that on the propellant surface. It is essential

! . j that the line spacing be known precisely in order to determine accurately

the surface strain.

The grid spacing may be measured accurately by means of a travelling

microscope. Another method is to bond a small piece of the grid to one

end of a uniaxial tensile test specimen and another small piece a known

distance away, overlapping the first piece of grid. The specimen is then

placed in a testing machine and pulled at a slow crosshead speed. As the

specimen is strained, fringes will appear as the two grids alternately super-

pose. The spacing between the fringes is a measure of the grid line spacing,

I which can be determined from the known crosshead speed and the chart speed

of the recorder.l
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j 2.4 INSTALLATION OF STRAIN GAGES

j 2.4.1 Surface Strain Gages

Conventional resistance strain gages for the measurement of surface

strain, as in the wall of a motor case, are affixed to the surface by an

epoxy resin adhesive after the surface has been carefully abraded and

cleaned. The resin is then cured, after which the gages may be wired up.

S1j It is necessary to apply pressure to the gages while the adhesive cures and

sets. Pressure may be applied by a weight if the surface is sufficiently flat.

A piece of Teflon tape should be placed over the gage to prevent sticking of

the weight. It may also be beneficial to make use of a piece of foam rubber

[ g or top of the Teflon, with the weight placed on top of the foam. This is

useful for moderately curved or irregular surfaces.
5 •For situations in which speed is essential and the range of temperatures

-El is limited, the gages may be attached to the surface with Eastman Kodak 910

adhesive. This adhesive has the great advantage of curing very rapidly so

that the gages can be used within minutes after applicatio- 'he adhesive

cures so quickly that the gage may be held onto the suriact jy hand while

cure tale- place.

Probably the main precaution that should be taken is to properly clean

Sthe surface to which the gage is to be bonded. A zolvent wash follo.wed by a

light sandblast is best. Hovxever, gages have been attached ,fter a simple

rubdown with emery cloth and a solvent wash. It should be remembered

that the accuracy and repeatability of the gages will be determined to a large

extent by how well they arc attached to the substrate.U
2.4.2 Clip..Type Surface Strain Gages

j The problems of mounting this type of surface strain measuring gage

were discussed in subsection 2.1.2. The severity of the environment to

j which the gages will be exposed will determine the type of mounting tech-

nique to be employed. For many applications, simle bonding of the gage

tabs to the surface of "he grain will be sufficient. For the more severe types

of loading that may be encountered in flight, the use of pins, inserted in the

grain, may be required.

1 22-36f
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Again it is imperative that the surface of the grain should be clean

before either the pins or the tabs of the gage are bonded in place. The

surface on which the gage is to be motinted should be wiped carefuVY with
a solvent -damper~ed cloth to remove the wax coating usually found on the

M bore of a grain from contact with the mandrel during cure Sabsequently.MI
the tiurface should be careitully roughened with sandpaper or emery cloth.

2.4.3 Elastomeric Surface Strain Gages

These gages are iiOUnteo, in 11,,ch the same-v wa') that resistance strain

gages are bonded to the case sur'.ace. Surface preparation procedures.

however, are more like those used to bond thte clip gages in place.b The surface of the propellant grain bhould be tleaned with a solvent-

damnpened cloth anid rojughetned ýAlm an ab-.rasive before the elasttorneric gage

- is bonded in place. For ibondirng the gage to Whe propellant surface, the

best type uf adheeive has proved Lt) be t lintzr mnaterial, used norrmally for

bonding propellant to the Lage wall during cure. Some method r,7 maintaining

a pressure on th'- gagvet nmust be ubeo during the tin-e that the liner takes to

cure, usually 24 hours,

Z. 4.4 Emn -eddcd Strain Gage.,

Embedded strain gages, such as the shear cube, are generally used at

the case-grain interface, It must first be determined whether or not the

gage is to be placed inside the in~sulation, wvhich is the most common

approach. The alternative is to -)onid the gage to thec Case V.all, which v.

easier fi om the point .)f viev. of in'stailirng the lead wvires to the gage. In

most instances, the best an;-roach is to prepare the case as ri-mr-nal,

including t insulation and any b)oots or flaps that might be em~ployed. rhe
strain gar-es, cniti of the n ropcllant or elastoniqri4. cube einhedded in

a matrix of the (all,-'ratiofl speci~men material, m-ay then be trini'-,-.ed so th at

they fit snugly at the desitred locations inside tie insulated niotcr (ase. T'ie

gages are usually oo,.-nded inl plake wvith tifhe liner material. Somne mean,- of

holding themi in Dlare during Ilizer (ure is required. The lead wire,- ma\ be

attached to the insulation -- iiJl liner naterial at the same ti-me that the -age

A is being bonde~d in place.
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EA
3 A problem thaý may be encountered in sonme motors is that of bringing

the gage lead-out wires through the flap or boot and then to a suitableI through -the -case exit terminal. No general rules can be made for this
type of problem, because every motor design is different and the specific

solution to the problem has to be -found for the particular combination of

factors at hand.
After the gages are properly installed in the motor case, they should be

wired to the cir uit board and tested to ensure that they are still working.

If this test is satisfactory, ffie gages rnay be lint-d, together with the interior

of the motor case, in pruparatio.-i !or propellant casting.
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Section 3

STRESS MEASUREMENT

3.1 TYPES OF TRANSDUCER

3.1.1 Transducer Classification

Stress transducers may be classified as either normal stress or shear

stress measuring devices. The requirements for these two types of stress

transducer are quite different, as will be shown later in this section.

Another possible method of classification depends upon the physical

aspects of the application, i. e. , whether the gage must measure stress

through a hole in the motor case wall (the through-the -case type) or can be

mounted inside the case (the miniature diaphragm type).

Both classifications will be used in the following sections, in a subordi-

nate relationship. The two main classifications are (1) the normal stress

and (Z) the shear stress devices, each of which is further subclassified as

(a) through-the -case or (b) internally embedded.

3.1.2 Through -the -Case Normal Stress Transducers

Piston type This class of instrument has been used extensively for

fluid pressure measurements (Ref 13). Essential features are illustrated

in Figure 3-I. For rocket motor application, a hole is drilled in the motor

case. A steel plug, attached to the gage section of the transducer, is

inserted in the hole flush with the inner c-ase surface. The strain-gaged

element is attached to a stiff housing, which is attached rigidly to the outer

surface of the rease. Any force appliec to the steel plug causes a slight

deflection of the strain-gaged elecment. This deflection is interpreted as a

strens across the plug diameter. By making use of small, sensitive, semi-

conductive strain gages, the compliance of the strain gage section can be

kept to an extremely low value (dcpendent upon the required gage sensitivity).

Transducers of this type can be designed so that they exhibit virtually no

change in properties over a wide temperature range. They also have an

advantage in that local perturbations in the grain stress field are l<ept to a

negligible level.

3 ,-
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Figure 3-1 Through -the -Case Stress Gage Schematic
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Figure 3-2 shows the details of the Rocketdyne through-the-case normal

stress gage, which has been used successfully in a number of programs.

including the First Stage Minuteman Motor Program (Ref 4). These gages

are usually operated from a low, constant voltage supply (4.0 volts). With

this supply voltage, their output is approximately 0.15 mv/psi across the

whole temperature range of interest.

Diaphragm type. Recently, Konigsberg instruments developed a case-

mounting through-the-case version of their P-14 diaphragm stress sensor.

A sketch of the device is shown in Figure 3-3. It .vill be noted that the

transducer screws into the case wail, exposing the sensitive diaphragm

with itS" semiconductor strain gage elements to the propellant (or insulation)

mate rial.

This particular transducer, with a range of 50 psi, was developed

especially for the instrumentation of the AFRPL-sponsored First Stage

Minuteman Motor Program (Ref 4). The device combined the sensitivity

of the diaphragm sensors with the through-the-case configuration required

in this program. The gages performed well during operational tests and

proved capable of resolving small dynamic stress levels of th~e order of

0.5 psi.

The through-the-case Konigsberg diaphragm gage may be connected as

two independent half-bridges or as a single full-bridge circuit. They were

connected as a single full-bridge circuit for the Minuteman testing program

and were operated with a bridge voltage of approximately 4.0, from a 28-volt

supply. Gage sensitivity varies between 2 and 4 mv/psi over the tempera-

ture range of 20 to 135 0F.

3.1.3 Embedded Miniature Diaphragm Normal Stress Transducers

The miniature diaphragm transducer was developed for fluid or gaseous

pressure measurements. A schematic of the device is lhown in Figure 3-4.

It consists of a circular metallic diaphragm supported by a rigid metal ring

with a metal back sealing the cavity.' Semiconductor strain gages are

mounted on the diaphragm to measure its deflection under pressure. By

making use of both the compressive stresses and the tensile stresses gene-

rated during flexing of the diaphragm, a temperature -compensated gage is

produced. The diaphragm pressure transducer was developed at LPC for

3-3
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Figure 3-4 Miniature Diaphragm Gage Schematic
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I use as an interface normal stress sensor. The earliest device used was

the Electro Optical Systems (EOS) Model No. 1017-0023 (Figure 3-.5).

designed for biological pressure measurements up to 25 psi.

Preliminary tests and analysis revealed that this gage showed a con-J siderable loss in sensitivity when used with propellant at low temperatures,

as shown in Figure 3 -6. To overcome this defect, the much stiffer 600-psi

transducer (EOS Model No. 1070-0024), also shown in Figure 3-5. was

designed. Although the increased diaphragm stiffness preventea •.1e loss in

gage response at low temperature (Figure 3-6), overall accuracy was

degraded because the inherent thermal errors were now of an order of

magnitude similar to that of the output signal caused by stresses.

Later in the STV program, a compromise 150-psi range diaphragm

transducer (EOS Model No. 1003-0200), illustrated in Figure 3-5. was

developed. The limitations of tl.is gage have not been completely explored.Ik
It has shown virtually no loss in sensitivity when used with propellant at

temperatures as low as -450F (Figure 3-6). Furthermore, the sensitivity

I is such that the response to stress is much greater than the thermal error

signal.

Evaluation of the analytical work of Professors Pister and Fitzgerald
(Appendix A) indicated that the basic diaphragm transducer could be improved

by making use of only the central portion of the diaphragm. it appeared that

the changes in propellant modulus had little influence on the curvature at the

I middle of the diaphragm, but made great changes in the curvature toward

the edge. Thus, the latest transducer design, shown in Figure 3-5, incorpo-

* rated semiconductor strain gages on the outer and inner surfaces of the

diaphragm, thereby eliminating the temperature -compensating peripheral-

elements. In addition, the gage shoulder was stiffened to prevent rotation

under stress and the outer edge was chamfered to provide a less severe

discontinuity between the gage and the propellant.

The new 150-psi gage was designed and manufactured by Konigsberg

Instruments, Pasadena, and is designated as type P-14.

I Elimination of the peripheral strain elements allowed a given transducer

to be designed to twice the pressure (for a specified limiting strain value),so that the 150-psi device became a 300-psi capacity transducer. In addi-

tion, the use of two gages on the inner diaphragm surface and two on the

S-3-7
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outer surface gave a sensor with almobt ýwice the sensitivity of the earlier

!50-psi transducers.. These overall improvements result in a normal stre.s

j transducer having greatly increased sensitivity, and increased overload

capacity, as well as reduced thermal error, hysteresis, and nonlinearity of

response. The externally mounted semiconductor strain gage elements are

possibly detrimental to use of the instrument as a commercial pressure
gage, but they improve its performance in a propellant rocket motor.

-This new type of 150-psi diaphragm transdL cer-was evaluated during

the STV and Bomb Dummy Unit programs at LPC. It was also evaluated

and compared with piston-type, through-the-case transducers in the

Transducer Evaluation Program at Rocketdyne (Ref 1, 2, and 3).

Experience with these &ages suggests that they can measure .itresses to

within ±l psi, or within *2 percent of the reading under isothermal condi-

tions. The error band increases to about *10 percent of the reading when

thermal stresses are considered.

During failure tests of an STV, several of the older type of 150-psi

gages were subjected to pressure levels up to 1000 psi. They all functioned

well during this severe test and at least one of them was atill operational

after the STV had catastrophically blown up at 1000 psi.

3.1.4 Through-the-Case Shear Stress Transducers

The piston type of through-the-case gage responds to both normal and

shear loads through stretching and bending of its strain-gaged column. The

shaft bending output is normally eliminated from the instrument reading

through proper Wheatstone- bridge circuits.

A through-the-case transducer was developed by Rocketdyne (Ref 3)

for measuring the shear stress at a propellant-case interface. Figure 3-7

illustrates the essential features of the device. The shear stress is sensed
I

by semiconductor gages attached to the sensor arms of the shear stress

plate. Application of a shear load to the piston deflects the shear arms by

a small amotnt and this deflection is monitored by the sensitive gages. In
Sits original form the gage was designed to m iasnre normol as well as shear'

stress at a given interface point. Design complexity and the availability of

9alternate normal stress sensors led to the revised transducer shown in

Figure 3-8. The three sensor arms of the earlier model wtre replaced by

U 3-10
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Figure 3-7 Prototype Through -the -Case- Shear Stress Trinusducer
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flFigure. 3 -8 Rocketdy-ne's Modified Four -Web Through -the -Case Shear M
Stress Transducer
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il four arms. By arranging the semiconductor gages attached to the arms in

the bridge circuits zhown in Figure 3-9, independent readings are obtained

for the shear stress components at right angles to each other. The stiffness

of the shear stress gage is such that only very small signals are obtained.

ti This, however, is not a serious problem as long as the noise level is kept

to a low value.

The through-the-cast shear transducers were used in the instrumented

First Stage Minuteman Program (Ref 4), and gave good data at very low

stress levels. By ubing a bridge voltage of 15 volts, a gage sensitivity of

0.20 mv/psi was obtained from the through-the-case shear gages.

3.1.5 Interfacial Case-Grain Sheae Stress Transducers

The various types of embedded shear strain transducer discussed in

subsection 2. 1.4 may also he used to measure shear stress instead of strain.

The difference between a stress transducer and a strain transducer is

discussed in more detail in Appendix A, but in this context it should be noted

that the embedded gages containing rigid inclusions are neither perfect stress

transducers nor perfect strain transducers. A perfect embedded shear

strain transducer would deform with the propellant and would not modify the

local stress field. A perfect interfacial stress transducer would respond to

the applied stress rather than the deformation and again would not modify

the local stress/strain fields.

ýuq .Under many loading conditions the shear transducers will give good data

when calibrated in terms of shear stress. The calibration technique is,

therefore, the primary method of determining whether a transducer will

respond to strain or to stress. The inherent limitations of the devices will

determine how well they will operate as a stress- or a strain-measuring

I, transducer.

J 3.2 APPLICATIONS FOR STRESS TRANSDUCERS

3.2.1 Through-the-Case Normal and Shear Stress Transducers

Clearly, the main application for the through-the-case type of trans-

ducer is for static or dynamic stress measurement at an interface. The

units are designed to be attached to a rigid structure, such as the motor

case wall, and their probe tip fits through a clearance hole in the case wall.

3-13 a u oA
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These transducers have also been used for specialized-testing, e. g.,
measuring the stress at the center of the platens of .4 poker-chip test spec.i .

I men, the transducer being mounted on the rigid platen And the gaged-probe

tip fitting through a clearance hole in the platen,

Methods of attaching and mounting these gagee are dealt with at greater,

length in a later section of this report.

J 3.2.2 Miniature Diaphragm Normal Stress Transducers

These devices are- somewhat more versatile thaný the- through-the -case 4I type of transducer. They may be used at a propellant-case interface, and in

fact most of their applications have been at such locations. However, they

may also be used inside the propellant grain, if required, ant' recent tests

have demonstrated that they can produce excellent data under such operating

c:)nditions. They can be shown to be insensitive to all components of the

stress field, except that normal to the surface of the diaphragm they are not

influenced by the shear stress component. Thus they may be used in regions

of high shear without losing their accuracy. The presently available devices

have a diaphragm size of about 0.25 inch, which means they are not wellI suited to the measurement of normal stresses in regions of high stress

gradient. There is no particular difficulty associated with the manufacture

of a smaller-diaphragm transducer, because biomedical pressure sensors

with a diameter of 0. 10 inch are routinely made by competent manufacturers.

including Konigsberg Instruments. No special version has been developed

as yet for the particular requirements associated with embeddaing in propel- .

lant grains.

High pressure versions of the. Konigsberg P-14 series of miniature
diaphragm transducers may readily be made. A 3000-psi device has

I already been used for the measurement of small pressure gradients in a
motor under firing conditions.

The diaphragm-type stress sensors are not well suited to the measure-

ment of step-type pressure pulses or shock waves. The relatively limp
diaphragm may attenuate and modify the shape of a very-high-rate wave

front so that the transducer output signal may bear little resemblance to

the input waveform.

* 3-15
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They can, however, be used to measure moderate frequency cyclic
tdata (up to 2000 hz) with acceptable accuracy. (Ar, exact upper frequency

limit cannot be specified without a knowledge of the particular test require-

rments.) Tests at LPC during the STV program showed that several of the

devices would give gcod data at up to 2000 Hz, although there is a possibility

of obtaining a resonance in the system at the higher frequencies.

3.2.3 Interfacial or Embedded Shear Stress Transducers

The devices illustrated in Figure 2-6 may be used as shear stress
measuring transduce-s, as discussed earlier. They are clearly suited to

the measurement of interfacial shear stresses and most of their use -o date

has been at an interface. Again, however, there is no real reason why this

type of transducer is limited in application to the case-grain interface. With
proper calibration, shear transducers may be employed at any worthwhile

location within a grain. They should not be used in their present form at

grain, end terminations or regions of high normal stresses and high stress

gradients. This is unfortunate because these are the very locations where

it would be particularly useful to monitor shear stresses. However, it is a

fact that there is a cross-sensitivity in the shear cube that amounts t.o

approx iately 10 p-pc-na, _Tis means -thet the gage con.Cted-as a shoar

transducer will nevertheless give an output signal when a normal s.-ess is

applied to any of the cube faces, and the magnitude of this output signal will

correspond to approximately 10 percent of the applied normal stress con-

sidered as a shear stress.

At first glance it would appear that the transducer with a cross -sensitivity

of only 10 percent is reasonably good, and this is true. However, if the

transducer is used in situations where the normal stress is an order of

magnitude greater than the shear stress, for instance at the nter of a

grain, then the effects of the normal stress components will be as great

as those produced by the shear stresses. This will result in very poor
accuracy in the measurement of the snear stress component.

Embedded or interfacial shear stress measuring transducers should for

this reason be limited to situations where the primary stress component

will be shear and where only a small normal stress will occur,

3-1t
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The embedded type of shear stress transducer has given particularly

good data under dynamic conditions. Several of the gages were used to

measure interfacial shear stresses under vibration conditions with excellent -

results. The devices have also been used to measure relatively high-rate

shear stresses (millisecond range, not microsecond) in motors under firing

conditions, and they have shown compressibility effects in the grain, which

had not been anticipated on the basis of the (incompressible) analysis.

The recent vibration tests on the shear cubes in the LPC STV program

showed that the transducers would operate satisfactorily at frequencies up to j7

1-000 Hz, under most situations. They did show the expected loss in response-

at the higher frequencies.

3.3 CALIBRATION TECHNIQUES FOR STRESS TRANSDUCERS

3.3.1 Approach

The calibration of a stress measuring transducer is, in general, more

complex than the calibration of a strain gage, as discussed in more detail

in Appendix A.

Because of the imperfections inherent in all available stress measuring

devices, the calibration procedure must consider the entire system including

the transducer, any case wall to which it is bonded, and the propellant that

surrounds the transducer. It will be seen, therefore, that the device which

up to this point has been regarded as a transducer, now becomes merely a

sensor in a complex interacting system. The sensor readings have no real

meaning except when interpreted in relation to overall system components.

Once again, for a more comprehensive discussion of this complex topic

- the reader is referred to Appendix A.

In one respect the procedure for calibrating a strain gage is the same

as that of a stress gage: The changes in gage output for both thermal

variations and mechanical loading variations have to be exam-ined.

-.• 3.3.2 Gage Calibration Fixtures

F Determination of the experimental gage-propellant interaction, i.e.,

t the calibration of the gage-propellant system, is best carried out in special

test fixtures such as the uniaxial device illustrated in Figure 3-10, or the

1 :- 3-17
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113T
3 simple shear device shown in Figure 3- 1. In considering the design of

calibration text fixtures, the most important point is that the stress div*-i, _

I bution should be as simple as possible and amenable to analysis. Further-

more, the size of the fixture should be such that the gage is small in £
comparison with the test fixture.

Figure 3-12 shows a schematic of a uniaxial text fixture containing a

gage, and shows the "zone of influence" of the gage. This is the region in

which the test fixture stress distribution is significantly changed by the gage;

it extends for about 3 gage radii fro.mn the center of the gage. Beyond this

01 zone of influence the propellant ktress distributioz is virtually unc-hanged by

the gage. In a satisfactory calibration test fixture the zone of influence

should be well within the test fixture, i. e., no part of the zone of influence

of the gage should &pproach the edge of the end piece. This p-ecaution will

prevent the stress concentrations at the edges of the fixture from changing

the gage stress distribution. The stress field around the gage is sufficiently

complex without making it even more difficult to analyze.

Another requirement of a satisfactory test fixture is that the other end

piece should not interfere with the zone -,f influence aroupd th.e gage. This

n'me.ns that there should be a reasonable length of propellant betweeg the

L-nd pieces, and that a specimen such as a "poker chip specimen" is not

sutable for gage calibration.

The test fixtures may include special features such as the sateel and

Plexiglass ends of the fi-xture shown in Figur e 3 -10. The two gages at the

steel end piece and the plastic end piece are subjezted to somewhat different

thermal loads under the same temperature excursions. The aim should be

to simulate the eventual end-use condition, as when the gage is located in

the grain, as closely as possible. If this condition is attained, the resulting

calibration data should be satisfactory.

r 3.3.3 Gage Calibration P.-ocedures in Elastic Media

If the material to which the gage is attached, or in which the gage is
a •]embedded, is linear a.nd elastic, -hen calibration procedures follow well-

Sa established practice. The application ci a step strain or stress (load) to

the test fixture will result in a step change in gage output. The gage isI calibrated by the application of several load or strain steps to the specimen

L 3-19
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3i and the siznul~.aneous noting of the corresponding gage readings. The gage

output data ire then plotted against load or strain and the beat straight line

is drawn through the data points. This procedur is illustrated in Figure

3-13, in which pressure calibration datc, from a 25-psi diaphragm, gage

embedded in nropellant are given. The slope of the lines is the sensitivity

of the gage at that particular temperature; typically, gage sensitivity

j decreases with temperature.

The gage sensitivity data may be plotted against temperature, as shown

i.n Figure 3-14. If the material is simply elastic, then this curve is fixed

and will not change with time, unless the properties of the propellant change.

In addition to the sensitivity data it is necessary to determine the zero

I load gage reading across the range of temperatures of interei1.. In most

cases there will be an intrinsic shift in gage reading with temperature,:1 which will have been determined and specified by the gage manuf aturer.

Curve A in Figure 3-15 shows a typical thermal zero shift signal for a well-

compensated pressure gage. When the gage is embedded within propellant,

ite d'"erence between the coefficients of thermal expansion of the gage and

of the propellant produces a stress on the gage when no external load isJ applied to the system. Curve B of Figure 3-15 shows tkie mhermal zero lkad

gage output signal fr the same pressure gage whei embedded in a solid

material under zero external load. There is a great difiezence between the

pressure sensor data without the propellant and thie data obtained with the

gage embedded in the propellant. The important fact is the realization that

Curve B will repeat itself during temperature changes and, th'&Eore, this

It curve must b! used as the zero stress referenLe for thernial qtress

it measurements.

To illustrate this point, if the gage is embedded in the propellanL at

it 120ZOF, a gage reading of approximately -2 my will be obtaired, The appli-

cation of load (pressure) to the gage will result in outp,9. signal variations

about the zero reading of -2 my. Similarly, when the gagie-propellant system

is cooled to 40 0F, a zero load output signal of -5 mv 'All be obtained. At

even lower temr.peratures, e.g. , -40 0F, the zero load gage r,•ding will be

-45 my, and any load applied to the system will result in signal variations

about this value. The gage output values shown in Curve B of Figure 3-15

must be disregarded in measuring thermal stresses in a propellant grain;

only the deviations from this curve are the result of externally applied stresses.
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3 IIn summary, calibration of a gage embedded in an elastic material will
consist of a determination of the thermal zero load gage response across the3 temperature range of interest, and the performance of step load isothermal

tests to determine gage sensitivity, i. e., output signal divided by load. A

a sensitivity calibration test of the gage in the elastic material must be per-
formed at several temperatures over the range of interest. Both the thermal

zero load gage output data and the gage sensitivity data as a function of tern -

perature will be required to interpret any suosequent gage output data.

In determining the load applied to the gage, it is necessary to use theJ analysis of the test fixture itself, without the gage, to ascertain the precise

stress at the location of the gage caused by the externally applied load. For3 example, when the bond-in-tension specimen is used as a calibration fixture,

the analytical curve shown in Figure A-5 (Appendix A) reveals that only 0.82

of each 1.0 psi applied axial stress is imposed at the gage location. This is
not due '-o the gage; this reduction of stress at the center of the base plate

is intrinsic to the test fixture and the material properties. Consequently,

in the calibration of a gage in a bond-in-tension specimen, the applied axial
load should be multiplied by the factor 0.82 to arrive at the load value that

j actually occurs at the gage location.

Professor Pister's analysis of the uniaxial test fixture containing a
150. si gage gave the curves plotted in Figures A-6 and A-7, and revealed

t-hat the load factor at the gage location is not a constant but changes with

Sthe different types of applied load as well as with material properties. If a
uniaxial load is applied to the specimen, then a factor of 0.9 should be

applied to the applied stress to determine the stress at the gage location.

However, if the gage calibration is conducted under a hydrostatic pressure
loadin6, condition, then there is essentially no attenuation of the applied

stress at the gage location; i.e., the load factor is unity. Therefore, to
arrive at an accurate calibration of a gage embedded in a text fixture it is

essential to review the analytical results before performing the tests.

3.3.4 Stress Transducer Calibration Procedures in Viscoelastic Media

When a sensor is used in conjunctior with an elastic material, the
sensor output may be related directly either to the stress or to the strain

in the material. Because the stress is uniquely related to the strain by

"ION
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U Hooke's Law, there is no ambiguity in the data. When the same seosor i• ]
used with a viscoelastic material, tk-.e stress is no longer a unique function

U of the applied strain, !•o that the sensor output has to be related by analysis

or by experimental testing either to the stress or to the strain.

The methods of calibrating a transducer used with a viscoelastic

material closely follow the techniques used for determining the viscoelastic

material properties. Thus, constant load (creep) tests may be used to

determine the material creep compliance, i. e.,

F -I =a V (t) (3.1)
0r crp

Similarly, if S(t) is the gage output signal under constant load conditions, a

S'transfer function for gage sensitivity m ay be defined as follow s:

= 45(t) = gage sensitivity to stiess (mV/pbi) (3.2)
S0

Observe, how'/ver, that another transfer function, the gage sensitivity to

strain, also may be determined, e. g.,

a Ht t) (3.3)

By analogy with the stress relaxation, i. e., constant strain test, the striin

sensitivity transfer function is probably best determined from relaxation

test data as

i(t) (3.4)

In addition, there will be another fun:tion

I Sa-• )HH(t) (3.5) •

which is the gage sensitivity in mv/psi as measured in the stress relaxation

LI test.

Thus, in considering a calibration procedure with a viscoelastic material,

the use of constant stress (creep) or constant strain tests enables four traras-

fer functions to be determined analogous to the two material property func-

tions: creep compliance and relaxation modulus.

W- 3-27
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There are only two independent gage transfer functions, t'(t) = S(t) and
S (t) a•ro
, ( ; the functions Q(t) and H(t) are related to 4s(t) and P(t) through

the material property function Dcrp(t), the creep compliance, and Erel(t).

the relaxation modulus. Thus Equation 3.3 then becomes

Q(t) = IE (t)

- E(t)-

i.e., Q(t) D 0P(t). (3.6)
crp

Equation 3.5 then becomes

H (t) = (t)a-(t)

sE )×(to
to

H(t) = P(t) (3.7)
Erel(t)

Therefore, to the extent that Dcrp(t) I /Erel(t), the function P(t) ,ill be

identical with H(t), i. e. , 4b(t) ! -1H(t) and P(t) will resemble Q(t), i. e.

=(t) - Q(t).

By performing creep and/or stress relaxation tests on the special test

fi<tures and monitoring transducer output as a function of time in addition to

the stress or strain, the gage-propellant transfer functions may be obtained".

The isothermal creep or relaxation modulus data are first shifted to cbtain

a naister relaxation modulus or creep comnpliance -versus-reduced timne

curve.' The isothermal transfer function data q,(t:), Q(t), P(t), and H(t) then

maly be shifted to produce master transfer function plots against reduced

title.

As pointed out earlier, it is iropossible to separate the viscoelastic

gage calibration from the characterization of the viscoclastic material "Iself.

It is necessary to make use of tLhe time -temperature shift factors of the pro-

pellant material in order to properly reduce the gage sensitivit\v data. Con-

sc.rqtently, it is often extremely useful to measure the material properties

at tie same time as the gage calibiration is performed. The only additional

requirenient is that the deformation of the specimen be monitored during a

3-28
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constant load creep calibration test, or that the stress in the specimen be

monitored during a stress relaxation or constant strain calibration test.I
3.3.5 Alternating Tension and Compression Calibration Testing

The initial test procedures employed with the gage test fixtures closely

resembled those used for the testing of propellant specimens. During the

third year of the program, however, it was found that a more elaborate test

procedure was necessary to make sure of obtaining accurate calibration data.
Data scatter obtained in a series of creep tests on the uniaxial test

fixture led to an investigation of its causes. it appeared that the scatter

was associated with the initial zero reading of the gage before a load was

rI applied to the specimen. Because the area of concern is the change in gage

signal caused by a change in stress, the gage signals measured during the

loading phase are converted to ouitput signal changes from the zero gage

Ireading (prior to loading). Th_-re~ore, an error in the gage zero load reading

will cause all of the gage signal change values to be incorrect and will pro-

duce errors in the gage sensitivity values.

The initial gage zero reading may be greatly influenced by handling

5 Iduring the test setup procedure, especially at the lower temperatures. For

instance, if a test is begun and then stopped for some valid reason, the gage

zero reading will have changed and, if a new test is begun within a short time
S~interval, the measured signal changes will be incorrect. This is because a

iicviscoelastic material has a "memory" of earlier events, and a gage embedded

within a viscoelastic material "remembers" earlier loading histories.

The solution to this problem is to perform the calibration tests in a

:manner that will minimize the effects of earlier tests. Thus, the single-step

tests performed as routine calibration procedures are inadequate, and

multi-step loading tests are required. Further, to eliminate any progressive

shift in the gage zero reading with timie, it is recommended that alternatingJtensile and compressive loads be applied to the specimen, as shown in Figure

S- 16. The anticipated gage readings from such a test sequence are also

Sshown in this figure.

Wi Figure 3-17 shows a sketch of the simple apparatus developed for

applying alternating tensile and compressive loads to a uniaxial test specimen.

The load application is controlled by means of the crosshead of the testing

'33
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I machine; movement in an upward direction causes a compressive load

(W2 ) to be applied, where;,s movement of the crosshead downward from the

5 unloaded position causes L'Ie tensile load (WI) to be applied.

A minor problem with this apparatus is the existence of two different

zero load conditions. One is the tensile zero load condition and the other in

the compressive zero load condition. These two zero load conditions are

Iillustrated in Figure 3,18, where it will be noted the real zero load on a

gage depends on its location in the test fixture. However, once this fact is

appreciated, there is no further problem in dealing with the calibration data.

Changing between the tensile zero load condition and the compressive zero

load condition has to be treated like any other step change in load, with a
sufficient time interval in between to allow approximate equilibrium to be

attained.J Figure 3-19 shows typical data obtained from a series of tension and

compression tests on the uniaxial inert propellanr. test specimen containing

three 150-psi gages. The repeatability of the data is excellent and there is
no doubt as to the proper location of either of the two zero load conditions.

3.3.6 Typical Calibration Data for a Stress Transducer in a Viscoelastic
MaterialJA series of constant load creep tests was performed on a live propel-

lant uniaxial test fixture containing a 2 5-psi diaphragm gage. The tests

were performed at constant temperatures from 150 to -40 0F.

As mentioned earlier in the section concerning strain transducer cali-

bration, the best procedure is to translate the transducer sensitivity data

(mv/psi, for a stress transducer) along the log time axis by the shift

factors determined from the creep compliance test data. ln many instances

this will not result in a smooth gage transfer function, so that an additional

vertical temperature correction factor, bT, is required.

I The 25-psi diaphragm stress transducer embedded in STV propellant

produced the data shown in Figure 3-20, when treated as described above.
t The log aT shift factors are rlotted versus temperature in Figure 3-21 and

the log bT vertical shift factors arc shown against temperature in Figure

3-22.
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The vertical shift factors, log bT, are required to account for those

changes in gage sensitivity that are simply a function of temperature and

are independent of the time-temperature relaxation effects of the propellant.

They are essentially the same as the variation in gage sensitivity noted with-

some elastic materials as a function of temperature.

Embedded gages within viscoelastic media also exhibit changes in the

zero load output signal as the temperature is changed. For this reason it is

also necessary to perform a thermal calibration under zero load conditions

across the temperature; range of interest. In performing these tests, suffi-

cient time should be allowed at each temperature for the gage to attain an

equilibrium reading.

3.3.7 In Situ Calibration of Embedded Stress Transducers

The calibration tests considered so far have included a sensitivity and

thermal zero error evaluation of the sensor itself across the desired tem-

perature range, and a viscoelaf.tic calibration of the sensor-propellant com-

bination in a special test fixture. However, it is desirable to have a method

of checking the performance of the transducer when embedded withii the
ZE motor.

It is not feasible to evaluate each and every transducer in a special

test fixture because of the high probability of damage in attempting to

remove it from t•ie test fixture. Therefore, the type or model of a specific

transducer will be thoroughly evaluated in a special test fixture to ensure

that it can perform satisfactorily. The stress transducers to be embedded

within the motor require a thermal zero load calibration across the tempera-Sture range of interest and a pressure calibration at each of the various

temperatures. These calibration procedures are required for the stress

transducer bonded at its proper location in the motor and with a small
piece of propellant cast over it. The propellant piece should be large

enough so that the transducer "thinks" it is embedded within an infinite half-

space of propellant; for a sznsor having a diameter of 1/4-inch, a piece of

propellant with a radius of approximately 1.0 inch will be sufficient.

With the stress transducers mounted in their proper locations inside

the motor case and with a piece of propellant cast and cured around them,

they are then wired to the circuit board and power supply. The motor case

3-37

2o 5



-iRLTR-7l-131 M34

and transducer assembly is placed in a temperature conditionmg chamber

and allowed to attain thermal equilibrium. Sufficient time must be allowed

so that all transducer readings are constant. The thermal zero pressure

Sreadings are then noted and a step pressure is applied to the system and the

transducer readings are again noted. With most normal propellants at high

or moderate temperatures (down to 00F), there should be virtually no visco-
or

elastic effects in the pressurm readings. As soon as the pressure is stable

at the set value, the gage should also be stable in its reading.After the thermal zero error and step pressure calibration tests are

completed, the motor maybe disconnected. The interior of the case and

the pieces of propellant surrounding the stress transducers should then be

coated with liner material in readiness for casting of the grain.

Once the grain is cast, the various transducers will be giving a reading IF

that depends on the stress exerted on the sensor. However, it is still

possible to perform ý.n in situ pressure step calibration of the stress trans-

ducers. The results of these tests should be very similar to those of the

earlier step pressure calibration tests performed before the grain was cast.

The thermal zero readings of the~ transducers will, of course, be changed

and it will n3t be possible to confirm these zero stress data once the grain

has been cast.

3.4 INSTALLATION OF STRESS TRANSDUCERS

3.4.1 Through-the-Case, Normal, and Shear Stress Transducers

In general, the through -thie-case transducers must have a boss welded

or, more commonly, bonded to the motor case. This boss is drilled

through the center with a clearance hole for the gaged probe tip. The hole

must also be drilled through the case. The probe tip should be contoured

to produce a smooth and almost continuous surface with the inside of the

motnr case. This is not possible with through-the-case diaphragm trans-

ducers, all of which have a flat surface inside_ the motor case, to which will

be bonded two semiconductor strain gage elements. The slight perturbation

of the stress field caused by this discontinuity has not been found significant

in operatic.,al tests.
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s Probabl w the most difficult a o7blem h
piston type transducers is the prevention of adhesive from C up
-small an~ulu# between the piston and the motor case. Rockedn Aa
developed elaborate methods for preventing this, including:

(1) Wrapping the piston with. 2 coil of fine :ýpper •Lee to

prevent the intrusion of adhesive during the grain casting

operation. The piston is held in place during the curing

operation by a dummy transducer body. This dummy trans - -

ducer is removed after the casting operation and the wire is

carefully unwotmd from the priobe tip. The real throughi-the-

case sensor is then mounted in place on the motor case.1 (2) A machined Teflon sleeve is used in place of the coil of wire.

This plastic sleeve is then removed after the grain is cast

and cured.

Once the transducers are in place on the motor case, they are unlikely

p to give further trouble. They also have the advantage of being readily

removed after testing is completed, and they may be replace-i by a dummy

transducer in the event that the motor is to be fired.

U Probably the only problem that may arise with the through-the-case
shear stress transducers is ensuring that the boss is bonded properly inIi place, with the mounting holes for the transducer properly aligned relative

to the motor axis. If this precaution is not observed, then it is unlikely

that the arms of the shear sensor will align with the longitudinal axis of

the motor. This will make reduction of the test data more complex than

necessary. __N

3.4.2 Miniature Diaphragm Stress TransducersII Little is required in the way of preparation for the use of the miniature

diaphragm stress transducers. They can be mounted directly on the motor

case wall with an epoxy adhesive, or they can be bonded in place inside an

insulated motor case with a liner material. These transducers are not very

sensitive to mounting procedures, but they must be firmly attached in place.

The lead wires to internally mounted transducers present a problem in - zo

somn-e instances. It has already been pointed out that taking the lead wires

through the boot or flap at the end of a motor may occasionally prove to be
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a problem. This is especially true if it is necessary to fire the motor with

the instrumentation in place. However, there are no rules-that may be laid

down for solving this general problem; each has to be resolved on its own

me r its.

Care should be taken in installing internally mounted gages to make
certain that the lead wires are properly identified. This is not as easy as it
might seem. The use of paints, for instance, would be a good technique if

the paints do not change color with temperature (during cure of the grain) or

with age during subsequent long-term storage. Identification tags have a way

of being lost at critical times during the program, requiring a long and tedious

examination of the possible modes of connection. It is possible to lose all

identification on the leads and still work out the co-rrect method *f wiring up

the gage. However, it is not recommended that this be done regularly.

3.4.3 Embedded Shear Stress Transducers

Techniques for calibration of the shear stress transducers are essen-

tially the same as those described for the shear strain transducers. The

gages must be mounted in a shear test fixture and calibrated under constant

load (or stress) conditions. After the constant load or stress tests have been

completed at the various temperatures of interest, the gages must be care-

fully removed from the specimen and trimmed to fit snugly in the proper

location in the motor case. The transducers may be'mounted directly on

the motor case wall or on the insulati.bn, whichever is most suitable. It is
suggested that the liner material should be used to bond the shear transducers

in place, regardless of their location in the motor.

3.4.4 Transducer Installation in Existing Cast Motor

All of the techniques for mounting the stress or strain transducers

considered so far have been based on the assumption that the gages could be

installed before casting. However, in somc instances, it may be necessary
to install gages in an already cast and curedcmotor. This problem was faced

in the Instrumented First Stage Minuteman Motor program, which was con-

ducted by AFP.P!, at Thiokol and Rocketdyne.

The solution to the problem of mounting transducers after casting was
to chemically etch 4. 0-inch-diaractcr holes through the case wall ill the
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3 locations where the stress transducers were to be placed. Holes were then

drilled in the propellant grain (to a depth of 3.0 inches in the Minuteman

3 motor).

Plugs were then prepared, consisting of a cylinder of the MinutemanjI propellant with a piece of metal case attached at one end. By chemically

milling small holes in this piece of case wall, it was possible to mount

through-the-case normal and shear stress measuring gages on the case

metal with the sensitive element, either t-2 piston probe tip or the diaphragm,

in contact with the propellant of the cylinder.
Thermal and step pressure and load calibration tests were then per-

EN formed on the 4-inch-diameter cylinders nf propellant containing the normal

I I and shear stress measuring transducers. This techisique resembles that

used for calibrating the internally mounted diaphragm gages by casting pieces

of propellant around them when they are located inside the motor case.

When calibration was completed, the plugs of propellant containing the

transducers were carefully trimmed for a snug fit in the corresponding hole

3 in the Minuteman Motor. The motor was heated to cure temperature before

this trimming operation because the size of the hole and of the plug changed

with temperature. The plugs were then bonded into the motor with a liner

material. A doubler plate of the inotor case material was bonded to the

j 1outside of the motor case with an epoxy adhesive.

4% A sketch of a typical "hole as, embly" is given in Figure 2-23.

9= lThe procedure outlined above -nay seem tedious and lengthy, but all

Sof the steps taken were necessary t- ensure good data from the Minuteman

motor tests. The quality of the resulting data more than compensates for the

trouble taken beforehand.

3
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Section 4

TEMPERATURE MEASUREMENTI
4.4.1 TYPES OF TEMPERATURE SENSOR

Two types of temperature sensor may be used in conjunction with a

solid propellant rocket motor:

* Thermocouples

0 Thermistors

The following subsections deal briefly with the essential features of5 these devices and the manner in which they may be positioned in the pro-

pellant grain.

4.1.1 Thermocouples

A 'herrnocouple consists of a pair of dissimilar wires, e. g., copper
and constantan, which are formed into two junctions. One junction is the

"reference" junction and the other is the active temperature measuring

sensor. When the two juncýo ions are maintained at different temperatures,

a current flows in the circuit and an EMF is generated between the active5 and reference junctions. The device is, therefore, an active or self-

generating type of sensor.

Different wire combinations may be used for different temperature

ranges, but the copper-constantan thermocouple is the one most generally
I used for laboratory tests. Thermocouples are routinely used in labora-

tories for temperature measurement and special millivolt meters are

available calibrated directly in degrees of temperature.

Many test programs have made use of thermocouples cast into propel-

lant grains to measure temperature gradients in the web during environ-

j mental exposure. Thermocouples were used exclusively in the STV program

foi7 the measurement of grain and case temperatures.

There are three possible problem areas in connection with the use of

thermocouples for grain temperature measurements, especially for

I measuring in-flight grain temperatures. These are as follows:

(1) Thermocouples are comparatively insensitive devices producing

a small signal, -8 my, for a temperature range between ZS0 and

-10&OF. Therefore the recording devices must contain amplifiers

1 4-1
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3to give a reasonable signal level The srnal signal level may

also result In a poor signal-to-noise ratio in the data.3 (2) The wires joining the measuring junction to the reference

junction must consist of identical material throughout their

length, i. e., copper wires cannot be used to connect the

constantan wire to a recorder. A pair of wires, e. g.. copper

and constantan, must be used throughout the length of the

thermocouple. In many instances, such as routing wires through

pressure-tight bulkheads or end closures, it is often incon-

j venient to have to provide special constantan pins for thermo-

couple lead wires.

(3) The recorder must contain a reference junction either held at

a fixed temperature or provided with a temperature -compensating

system if accurate temperatures are to be measured with a

thermocouple.

Because of these possible problem areas, the alternative temperature

measuring sensors, i.e., thermistors, must be considered.

5 4.1.2 Thermistors

A thermistor is a temperature-dependent semiconductor resistor that

acts as a passive, or nonseIf-generating, sensor. Thermistors must

therefore be energized with a current supply to provide an output signal

Probably the best arrangement for accurate temperature measurement in

a propellant grain is the bridge circuit shown in Figure 4 1. With this

circuit, it is possible to zero the bridge output at a specified temperature

I and to calibrate the output signal as a function of the thermistor temperature.

Thermistors usually are much more sensitive than thermocouples but have

a more restricted range of temperatures, within which they produce a

reasonably linear output -temperature relation.

However, there are commercially available thermistors that will

operate well over the required temperature range, i. e. , 165 to -65 0 F. A

stabilized DC power suppl-y is required for the thermistors, but in general

this xill not be a problem beýcause the s xme power supply used for the other

resistance strain gage devices may be otsed for the thermistor bridge cir-

cuits. aln. recordiV system ernployed for the stress or sttain sensors

-I 1 4-2
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Figure 4-1 Thermistor Bridge Circuit
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will work equally well with the thermistors. Furthermore, copper wires I
may be used to connect the thermistors to the bridge circuit and to the

recorder.

Thermistors were used for measuring the grain temperatures in the

Flight Test Bomb Dummy Unit. Special devices consisting of a thin layer

of semiconductor material bonded to a 0.001-inch-thick substrate -of nickel

were iu.ed in the BDU. These devices are manufactured by VECO (Victory

1 Engineering Co.) under the trade name of "Thinnistors". They have an

extremely rapid response to temperature and, if properly oriented, will
give an indication of the temperature at a precise location. Also, because

of their large surface area, the thermal contact between the sensor and the

propellant is very good.

4.2 INSTALLATION TECHNIQUES

Temperature sensors can be installed within a propellant grain in

several ways. In the case of the STVs, the sensors were bonded in place

in small pieces of cured propellant so that their exact locations could be

predetermined., The cured propellant pieces then were bonded to the STV

• case and coated with liner material. The propellant grain finally was cast

around it. This technique gave excellent results and X-ray photographs

after cure did not reveal voids or unbonds between the thermocouple pro-

pellant blocks and the remainder of the grain.

If this technique is not possible for any reason, a simple alternate

approach is to locate a small lead shot on the end of the thermocouple andII merely to insert it in the' grain immediately after casting and before cure.

The precise position of the temperature sensor then may be determined

from X-ray photographs. The small lead shot is clearly visible in the

X-ray.

a
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Section 5

TRANSDUCER DATA INTERPRETATION

5. 1 INTRODUCTION

The simplest form of data reduction for a transducer consists of deter-
mining a constant, A0 9 which, when multiplied by the gave output signal (in

Smillivolts), gives the value of the stress or the strain.

Thus A0 xS (5.1)

where S Signal from transducer

A0 = Calibration constant

In practice, most transducers are rarely as uncomplicated as this. In

many cases the calibration constant A. will be temperature-dependent so

that different values must be used for tests conducted at different

temperatures.

Similarly, in some cases, the calibration will not be constant with time,

i. e., the value of A0 will be time -dependent.

In the general case, therefore, the interpretation of a transducer's

output data can be a complex integration problem requiring knowledge of

the time and temperature history of the system.

A general equation for solving transducer data reduction problems is

presented in the next subsection, and the simplifications obtained for

various simple types of time and temperature history are discussed.

5.2 INTEGRAL EQUATIONS FOR DATA REDUCTION

5.2.1 General Case of Transducer in Viscoelastic Medium

It was shown in earlier sections of this report that in the most complexI case, the calibration data for a stress or strain sensor embedded in a visco-
elastic medium required a translation along the log time axis to account for

variation in temperature. In addition, it was shown that a vertical trans -j lation along the gage sensitivity scale was required, to accounrt for inherent
variations in transducer sensitivity with temperature.

5-1
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For the case of a generalized complex environmental history involving

temperature and time changes, the gage output S(t) mnay be interpreted as a

tune-varying stress r(t) or a time-varying strain t(t), by means of the

L integral equations

cr(t) f j[/bT *(t' -r') d- [S(-r)] d¶r (5.2)

0

andf L"Jet' ,
"E(t) f= 1/T 0(- -r- ds..] (5.3)

wh re bT Vertical shift factor applied to gage calibration data

4ý(t') Inverse transducer sensitivity to stress versus
reduced tinme

e0tW) =Inverse transducer sensitivity to strain versus
reduced time

5 (t) =Transducer output signal as function of time

These integral equations must be solved by num-erical techniques, and

the programs devise-d for determining the stress/strain from stress

relaxaLion data aze particularly well suited to this type of calculation. An

example of the use of this type of program for the interpretation of trans -

ducer output data is given in Reference 2.

5.2.2 Transducer in Elastic Media

If theembeddng aterial is elastic and not time-dependent, then

Equations 5.2 and 5.3 can- be simplified as follows:

The time-dependent functions *0(t' - -r') and 0(t' r- are replaced by

constants 0 and Go$ respectively. Equation 5.2 then becomes
T

and Equation 5.3 becomes

-:~= ELI , I/~J d [ST)] (IT (5.5)

IIt is more usual to write the term [I/bTo as a single term, A(T),

implying that the transducer response is a cciistant at a constant temperature,

1, 5-2
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I but changes with temperature. With this simplification, Equation 5.4
becomes

H rTi &f(T) [S(T)] dT (5.6)

Furthermore, for the case of a constant temperature, the equations

reduce to the simple expression given earlier, i. e.,

S
C dS A A0 S (Ref Eq 5. 1)

fi
0

fjI
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Appendix A

GAGE -GRAIN INTERACTION

A. I INTRODUCTION

"The most important principle in measurement engineering is that a

valid measurement is made when th, nmaximum amount of information is

transferrt,, with a minimum amount of energy. The moment energy is

withdrawn from the process ro b,- observed, the process itself is altered."

This quotation from Stein (Ref A-I) aptly summarizes the problems of

measurement within a viscrelastic propellant grain. In this context, the

precise variable being mr¢asured is imr.naterial; a valid measurement can

be obtained only if minimum energy is withdrawn from the system., i. e.

the propellant grain.

Stress, strain, displacement, and temperature characteristics of a

solid propellant rocket motor are point functions of space and time.

Accordingly, any attempt to embed a measuring device in the interior or

on the surface of a motor creates problems from at least the following

standpoints:

0 The finite size of a measuring device rules out the possibility of

obtaining information at its location point. Rather, some kind of
"average in a neighborhood" is recorded. If the spatial gradients

of the fields measured are not too severe, this limitation may not

be serious.

* In virtually all instances the embedded device has mechanical

and thermal properties different from the propellant, producing

nonhomogeneity in the propellant. This leads to perturbations

(interference) of the free field that would not have existed in the

absence of the measuring gage.

* The prcsence of the propellant medium surrounding the device

has the effect of modifying its rspons4!. The extent of the

response change is a measure of thc difficulty of the gage-grain

int,:raction problen.

Because the interferencc or interaction between the gage and the propel-

lant cannot be eliminated, ite influence mnust be detcrmined quantitatively to

use the gagc properly. If the purpose of a me:asuring gage is to indicate the

A-I
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E

value of the field quantities at a particular point over a ce~rtain range of
time, it is clear that a proper calibration of the gage is required. [Calibra-

tion, in this context, involves considerably more than testing a gage placed

in a fixture to relate "input" to "output", as discu.ssed in Appendix B.]

To aid in understanding ",>,, the techniques by which energy withdrawal

from the system is minimized, a brief description of the various types of

transducer is presented below.

A.2 TRANSDUCER CLASSIFICATION

I The term transducer is taken to mear a device which converts energy

from one type to another. In this report we are more concerned with the

I more restricted group of devices which Neubert (Ref A-2) has called
"Instrument Transducers". He uses this term to define devices that convert

energy (transduce) for the specific purpose of measurement. In this con-

text, the *erm transducer is almost identical in meaning with the term

"gage", i.e., a measuring instrument. The terms are used interchange-

ably in this report because of the common use of the term "strain gage" in

which gage is misused in place of transducer.

STransducers (i.e., energy conversion devices) may be broadly classi-

fied as either sel'-generating or non-self-generating devices. The differences

between these two types may be summarized as follows:

* Self-generating devices produce an energy output with a single

energy input. For example, piezoelectric crystals, thermo-

couples, bilinear thermal expansion devices, etc.

* Non-self-generating devices require to energy inputs to produce

I an energy output. This class includes all passive (impedence

based) elements such as resistance thermometers, resistance

I strain gages, capacitive displacement sensors, photoelasticity,

Moire' fringý methods, etc. These devices require both a pri-

mary energy input from the quantity being observed as well as ani

auxiliary excitation, or biasing input, needed to transmit the

T information from the primary input to the transducer output.

For example, the resistance change in a strain gage induced by the

primary input (strain) must be carried by a biasing electrical voltage and

current input to the gage.

4 A-2
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3 The biasing input, when electrical in nature, may be DC, AC, or a
pulse train. The actual information-carrying property may be amplitude,3 amplitude modulation, irequency or phase (modulation) pulse code, etc.

Value may be sensed by direct observation of the transducer output
3 energy (in general a variation of the biasing input quantity) as is done in

* most dynamic or transient observations of primary input. Alternatively,

the information content may be sensed by nuDing the output .-nergy through

variations in the biasing input energy and observing the necessary changes

in the biasing input parameters, such as an arm oi a Wheatstone bridge.

The more accurate method is generally a null method.

The primary and biasing energy input as well as the output may take[ any one, or combination of two ur more, of the following forms: mechanical,

electrical, optical, chemical, thermal, magnetic, acoustic, and nuclear.

r . A.3 TRANSDUCER REQUIREMENTS

An ideal measuring device would measure that which is required with-

out modifying the system being measured. Few devices approach this ideal.

Therefore the problem becomes one of determining in what manner the3 measuring sensor's presence influences the system, and from this, deter-

mining the correct magnitude of the response as if the instrument were not

present.

With regard to real systems, attempts are being made to measure

stress, strain, -nd temperature at the boundaries and the interior of rocket

motor grains while being subjected to environmental and field loads. The

overall problem may be simplified by reviewing the separate requirements

of deformation measurements at a free surface, deformation and stress

measurements at a constrained surface, and measurement of stress, strain

and temperature within the interior of the propellant grain.

A.3. 1 Free Surface Deformation Measurements

A wealth of experience is available in the area of free surface deforma-

tion measurement, and many techniques have been developed for this purpose.
The ideal device is one that ixnposes no restraint on the surface deformation, 99M
i. e., a zero stiffness gage. Many potential devices, such as the Moire'

Sfringe method of surface strain measurement, closely approach the ideal

I A-3
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The use of resistance strain gages bonded to metal surfaces approaches the

ideal in that the effects of the transducer are usually negligible, but only on3 relatively rigid surfaces such as metals.

The principal requirement of an ideal free surface deformation measur-

ing device is that it should have infinite compliance (zero stiffness), thereby

imposing no loads on the surface and withdrawing no energy fronm the bAdy,

being measured,

A.3.2 Measurement at Constrained Surfaces (Interfaces)
M •This problem is more complex than that of free surface deformation

measurement because both rtresses and strairs are present at the interface.

Measurement difficulties are greatly reduced when eithe'r of the following

two conditions are approached:

* The motor case wall is so thin that the strains measured on the
outer surface are identical to those at the inner surface, and the

strains are large enough to be accurately measured; energy

transfer is negligible because compliance of the gage is extremely

large compared to compliance of case.

. The motor case wall is so thick that strains are negligible

and the case may be regarded as rigid; again, no energy transfer

occurs because deformation of the gage approaches zero.

In most solid propellant motors, one or the other of "he conditions can

be met so that the problem then reduces to one of determining the stresses

or strains at the interface. Because of the compliance mis-match between

the case and the propellant, measurements can be made with reasonable

accuracy at this boundary.

In contrast to a deformation measuring device that must deform yet

impose no restraint on Lhe deformation, a stress measuring sensor must

measure the applied force (stress o'.er the area of the sensor) but must

not deform under the load. An ideal stress sensor must possess zero

compliance (or infinite stiffness).
z| - To illustrate this point, consider the electronic analogy of measuring

voltage or potential differences across a simple DC network. Connecting a

voltmeter across the circuit will always produce a meter reading, but the

closeness of that meter reading to the correct value depends on the internal
resistance of the meter and the impedencc oi the network. The problem is

H MA -4
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Sth&.. an electric!l measuring device requires cti'rent to operate, and cons.-

quentiy withdraws energy from thu system. The nmeter will draw very little

Scurrent and an accur~ite voltage reading will be obtained providing the inter -

nal impedence of the meter is -much greater than that of the network. f
If we relate voltage to stress, and current to strain, we have the

Li nechanical analogy; i.e., the stress measurement problem. The electrical

analog shows that to measure stress (voltage) as accurately as possible,

the measuring instrument (stress gage) must deform as little as possible i
during measurement; i. e., the stress gage must have as high a mechanical
impedence (stiffness) as possible.

A.3.3 M•4surement of Stress and Strain Inside a Grain

The device embedded within a grain to measure stress or strain must

not significantly disturb the stress -strain field. Preferably, there should

be no change in tLe field through the introduction of the gage. This mayH be achieved by using only a device with the same properties as the propel-

lant. There are materials which approach this ideal that may be used as

transducers, e. g., conductive rubbers or plasticc that exhibit changes in

electrical properties when subjected to deformation. It is feasible to con-

side their use in a propellant grain. Materials of this kind are sensitive

to detormation and may be used as strain sensors. Unfortunately, most of

the conductive plastics and rubbers are highly sensitive to temperature

changes. Consequently, in transient thermal environments the thermally

induced effects may swamp Le --train-induced changes.

Gages to measure strains within a grain must possess shear and bulk

moduli as similar as possible to those properties of the propellant in

which they are embedded.

In sele.ting gages to measure stresses within a grain, it is necessary

to consider embedding gages with an extremely high stiffness compared to

that of the propellant. In this case, a signal proportional to stress will be

Sobtained, buL the inclusion of a hard element within the grain will distort

the local stress field. Unfortunately, when stress measurements are

requi-.ed within a grain, it appears that one must accept this local field

distortion and determine its significance by analysis or experiment.

A-5
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-I Internal stress and strain measurement must be considered from the

point of view that neither an exact compliance match with the propellantl properties, nor rn infinite mismatch, is feasible. The problem therefore is

one of determining the transfer function that relates gage output in the dis-

II torted stress field to the stress or strain that would exist in the undistorted

field.

Because the attainment of zero primary energy input is impossible, the

5 information measured with even the best of transducers, i. e. , one in which

the primary energy input has been minimized, is incorrect. The data may

rbe corrected by one of the following methods:

9 Mathematically describing the physical phenomena of gage-body

M interaction so that a given gage output may be corrected by

analysis to establish the original free-field stress value.

V Calibration by a one-to-one similitude testing to provide an

34 empirical calibration curve (this method requires either exact

duplication of the prototype situation or an approximate or

T limit analysis, as above, to ensure similitude).

The recommended approach includes performing both the above steps;

a rational analysis and model, or similitude calibration, the analysis

results being used to verify design and improve the calibration test fixture.

3 Other forms of energy transfer between the transducer and the system

when employing passive types of transducer, e. g., resistance wire strain

gages, which need an excitation current to generate an output signal. The

required excitation supply must not be such that considerable energy is

dissipated in the gage circuit, otherwise energy loss could occur through

local heating effects. Such heating effects could grossly change the

Sparameter being measured.

Similar considerations apply to the use of thermistors for measuring

temperature. The dissipation in the thermistor circuit must be maintained

at a low level, otherwLse self-heating effects will be obtained.

A-6
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A.4 TRANSDUCERS IN ELASTIC MEDIA

Transducers in elastic media generally are expected to measure one or

more of the following scalar or vector quantities:

* Stresses, such as the f,;lowing:

J _ Normal to a given plane

•" Tangent to a given plane

Dilatational (or hydrostatic stress)

I • Deviatoric

SPrincipal stresses and directions

' r- Shear stresses and directions

0 Strains, under the above conditions

S• Displacement of a point on the body with respect to some

reference

a Strain-energy of an element of the body

0 Rotation of an element of the bodyi * Moduli of the body, such as Young's Modulus, Poisson's Ratio,

Bulk Modulus, yield point, elastic limit, etc.

* Temperature (and temperature gradient)

J * Acceleration forces (and direction)

The performance of a gage embedded within an elastic medium is

F affected primarily by the following variables:

0 Gage geometry

0 Gage material constants

0 Sensing element (type and location)

* Elastic body geomet.ry and loading

* Elastic body constants (which may or may not be highly

temperature sensitive)

The gage response is secondarily affected by the following:

0 Temperature gradients and temperature changes (inducinga changes in the sensitivity of the sensing element and

possibly inducing temperature stresses in the gage itself)

S* Possible stray electric or magnetic fields

0 • Variations (spatial, temporal, or temperature-induced)

in the elastic body constants
0 Acceleration and vibration body forces in both the elastic-

body and the gage

SA-7
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I * Acoustic effects

* Alignment and directional effects for vector quantities

5 Miefit stresses and slack

0 Cross -sensitiuity effects (for strain elements; shear versus

normal effects also)

Most of these effects are amenable either to analysik and proper inter-

pretation, corrective measures in the design of the primary energy input

elements, or corrective circuiting for the biasing energy inputs.

Where none of the above measures apply, the gage then is left with an

inherent error that can be bounded by proper analysis or calibration.

Transducers may be used in conjunction with a lirear elastic material

with confidence because there is a unique relationship between the stress

and the strain, i.e., the siress is a linear function of the strain. This

simple functional relationship enables the data from any type of embedded

sensor to be interpreted as e-.ther stress or strain with no ambiguity in the

data. The fact that a gage is in reality a strain or deformation measuring

sensor does not invalidate its use for measuring stress, as the stress is

simply a constant factor (E) times the strain.

This situatIon has existed in nearly all applications of gages and the

result has been that methods of use and calibration techniques have been

developed for use with elastic materials. Unfortunately, this limitation of

existing techniques is not generally understood, and gross errors in gage

j data interpretation can result. This is especially true when gages are used

in conjunction with a viscoelastic material where the stress is no longer a

unique function of the applied strain.

A.5 TRANSDUCERS IN VISCOELASTIC \4EDIA

The main problem of using transducers in coniurction with visco-

elastic media is the lack of a unique relation between the stress and the

strain. The stress and the strain in the material, e, g. , a propellant grain,

can behave in very different ways and it is necessary to understand the

differences in their behavior so that the gag- data may be accurately inter-

preted. Also, it is necessary to use strain gages for measuring strain, and

stress gages for measuring stress, otherwise large errors can result.

S~A-8
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I All of the problems previously mentioned apply equally to viscoelastic

media transducers. In addition, the problems mentioned below must be

5 cons idered:

* The time depende'nce of the viscoelastic media relaxat;-on

* shear modulus and relaxation bulk modulus

0 The extreme temperature sensitivity of the various moduli

for polymeric materials

0 The effects of real time on the moduli, i. e. , aging effects

such as oxidative cross-linking, post-cure reactions, and

hydrolytic type induced chain scissions.

As a result of the above effects, viscoelastic analysis is somewhat more

complicated than the elastic, even for isothermal conditions. Where both

spatip4 and temporal variation- of temperature are occurring, the analysis

becomes extensive.

It cannot be too highly emphasized that any calibra' .on test or analysis

of a transducer in a viscoelastic material that does not include both the

stress history of the viscoelastic material, and the temperature history

and distribution, will result in 2Žrossl erroneous conclusions.

A.6 EFFECTS OF PROPELLANT ON TRANSDUCER RESPONSE

I The complete gage-grdin intera-.don problern consists of two separate

parts, the influence of the .urroundwig material ,prý5pellant) on the response

of the gage, and the effect of the embedded gage on tht, stress -strain field

within the grain. Though these L'ao effecu. rii be consi",cred separately,

the interaction problem consists of the sui of these two effects. The effect

of mechanical stress or strain cn temperature scnsing elements, such as

thermocouples cr thermistors, is in general quite small. Thus the malor

problem with temperature sensors is the disturbance which they create in

the stress-strairn field of the grain. Mechanical sensors such as stress or

I strain gages are influenced b6 tie emberdding material, the extent of that

influence being a measure of the quality of the gage.

j The easiest problem is measuring strains at a free surface of a propel-

lant grain. Providing that the strain gage requires very little force to

operate, there will be very little influence of the gage on the propellant

surface and virtually no influence ,,f the propellant on the gage. It should be

A-9
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5noted that the conventional foil or wire resistance strain gages are not

adequate for measuring surface strains on propellant because they require5 too much force to operate. They are very satisfactory for the measurement

of surface strains in metallic objects, e. g., rocket motor cases, where the

stiffness of the metallic surface is much greater than that of the gage.

This observation illustrates the point that the absolute stiffness of the

gage is not as important as is the stiffness ratio between the gage and the

substrate. As an illustration of this effect, the analysis of a diaphragm gage

embedded in an elastic material may be considered. This analysis was per-

formed by Professor Fitzgerald of the University of Utah (Ref A-3). The

loading conditions considered in the analysis are shown in Figure A-I and

j the calculated relative gage response, i.e., the ratio of the gage response

in the propellant to the response of the gage in a fluid, is shown plotted

versus propellant shear modulus (a measure of the propellant "stiffness")
in Figure A-2. At low values of propellant shear modulus equivalent to low

propellant stiffness, the gage response is identical to that of the gage to

fluid pressure, i. e., the relative gage response is unity. This is true for

all three gages considered in the figure. If, however we examine the

I response curve ior the low-stiffness 25 psi gage, it will be found that the

relative gage response is reduced as the propellant shear modulus increases.

At a value of shear modulus equal to 100 psi, the relative gage response is

0.9, or 90 percent oi the fluid response, at a value of 1000 psi shear modulus,

the relative gage response is reduced to 0.M, or 50 percent of the gage response

in a fluid. As the propellant shear modulus increases to 10,000 psi, the

relative gage response is less than 0.1, or 10 percent of the gage response

3 in a fluid.

In practice, therefore-, if a stress of 10 psi is applied to the propellant

containing the gage, a response signal equivalent to 10 psi will be obtained
in a fluid and at low values of shear modulus (I to 10 psi). A response sig-

nal equivalent to only 5 psi stress will be obtained when the propellant shear

modulus is 1000 psi, and a response signal equivalent to only 1 psi will be

obcained from the gage if the modu:us of th,: propellant is 10.000 psi.
ihe primary effect ot the propellant (.n the response of an embedded U

gage is to reduce it below that which is obtained in a fluid. When the ratio

of the gage stiffness to that of the propellant is low (a flexible gage in a hard

I A-10

I-•- 1-- L A W



.AFRPL-TR 71-131 4

gg

'IIt o 4o

00

0 44

..4

.4

FE 0"9

A-4.



/A W

UL CL

.4

c o cov wC
ci~

A-10



AFRPL-TR-71-131 433-S-1

propellant), a considerable reduction in gage response is produced. Unless

this reduction in response is measured before the gage is used, the output of

the gage can be misinterpreted' leading to a very large error in estimated

stress values. If. for instance, the 25 psi gage readings were taken at face

value and the fluid pressure calibration data, were used, the applied stress

would be underestimated by 50 percent if the. propellant modulus were 1000

psi and would be underestimated by 10 times if the propellant modulus was

10,000 psi. These are considerable errors and the improper use of embedded

g ge data has resulted in a suspicion of all data derived from such devices.

This suspicion is unwarranted if the gage is designed for its purpose and if

the necessary calibration steps are performed prior to gage embeddment.

The use of the stiffer 150-psi and 600-psi diaphragm gages results in much

smaller changes in relative gage response at relatively high values of pro-

pellant shear modulus. For instance, Figure A-2 shows that the 150-psi.

gage response ratio falls to only 0.7 or 70 percent of the fluid response at a

shear modulus of 10,000 psi. The response ratio of the 600-psi gage shown

even less change with a value of 0.9 or 90 percent at a 10,000 psi shear

modulus value.

These results, while calculated specifically for the diaphragm gages,

are valid for all types of gage embedded in an elastic material. The precise

value of shear modulus at which a 10-percent reduction in response is

obtained depends upon the gage construction details, but there is such a

modulus vaiue, and the gage response will decrease as the modulus is

increased beyond that value.

A.7 EFFECTS OF TRANSDUCER ON PROPELLANT STRESS/STRAIN
FIELD

Transducers may be employed between the limits, at one extreme, of

rigid inclusion and, at the other extreme, of a void. Effects of the embedded

gages on the grain stress/strain field may be assessed by rcviewing the

analytical results of voids and inclusions in elastic media. The exact effect

of a specific type of gage will lie somewhere betwveen the two limit cases,

depending on the constructior and materials of the gage.

It is shown (Ref A-4 akd A-5) that tlhe presence of a circular hole in a

thin sheet, when subjected to uniform tension applied in one direction at a

BestCo -
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5 distance from the hole, will produce a stress concentration of approximately

3 at the edge of the hole. The curve plotted in Figure A-3 shows that the5 maximum tension falls rapidly to the mean tensile stress in the sheet and at

a distance of 3 times the radius of the hcle. Beyond that distance, the sheet

is not influenced by the hole. The effect of the hole is very small at a dis-

tance of 2 tinvis the radius of the hole. Stress conc,.ntrations of this type

influence the stress/strain field of the sheet for only a very small distance

around the hole. If the size of the hole is small, the disturbance to the

stress field also will be small.

The precise magnitude of the stress concentration factor is also depen-

dent on the type of stresses applied to the sheet. For the case of a pure

shear field, the maximum stress concentration factor is 4 tinmes the average

stress in the sheet. It should be noted that wherea.i a tensile stress concen-

tration of 3" occurs at the points marked n in Figure A-3, the stress at the

S I points marked m is compressive and equal to the magnitude of the applied

stress

Goodier (Pef A-5) showed that similar stress concentration factors are

Sobtained for the problem of a spherical cavity in a three-dime ,sional bar

Ssubjected to uniaxial tension. Maximum stress concentration factors of 2

were obtained for this problem, but a stress concentration factor of 4 wa3

obtained when a shear field was applied to the bar.

Goodier also showed that a different type of stress concentraticn factor

was oLtained when a rigid inclusion was consideied. The inclusion adheres

- to the surroundirg material and produces an intensification of the tensis',

(adhesion stress) at A,A', Figure A-4, in the same direction as the appl-.d

tension. A peak stress -cou( entratior £a.tor of 2 is c:)tai,,ed Ior a ritid

spherical iiclusion in a uniaxial tension field. The stress at the points

-marked B, B', becomeb compressive and equal to one-nalf the applied stress,

for Poisson's ratio equal to 0.5.

The rigid inclusion produces no apprectiablc stress intensifi cation of a

shear field.

The results of these analyses shox. that btress concentrations around

embedded gages will vary appreciably, citpenling on the type o0 material used

and the construction and shape of theý device. The precise stress strain

field surrounding tie gage has to be aetermined for each gage type and ior

A-14
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S each application. However. the i. .ost important result of these sitress

concentration analyses is that the stress field is disturbed for only a very

j sm.-all distance around the gage. At distances greater thar~ about twice the

radius of the gage froin the gage, the stress field is unchanged. ThisJfinding is of great importance in developing calibration techniques for gages.

Professor Pister's analysis of a 25-13si diaphragm gage embeddedI within a bond-in-tension fixture (Ref A-3) mnay be used to illustrate the

effects of a gage upon the stress distribution in the specimen, Figure A-5

shows the axial tensilt stress across the baseplate of the specimen when a

uniaxial tension is applied to the system. The marked reduction is, axial

M- stress across the gage diaphragmr is~ evident. The reduction in stress

V ~ becomes progressively more pronounced as the propellant modulu~s -r-creafies

-W from 100 to 1000 psi. Analytical results also show that the gage dist~.rbs the

stress field for only a small dista~ice around the gage itself.

Figures A-6 aud A-7 present the results of Professor Pister's asnaiysis

of the 150-psi gage er,bedd*ed in the uniaxial tei, fixture for ax-Aal loading

1and for hydrostatic loading. T1he variation in tht- axial strebe acrosr, the

diaphragm with the different propcllant rnodulus vahles is reac~ily apparent.

Also apparent is the fac-t that the ga~,c is &uf,)cLLcd to different stress levels

under uniaxial loading and hydro!btati, loading~ at the samne mod&uis level.

Aet1
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Appendix B

TRANSDUCER CALIBRATION

B.1I GENERAL APPROACH

The sensors for measuring stress, strain or temnperature in a propel-

lant grain produce an electrical output signal that must be related to the

desired input: information. The presence of the devices in or on the surface

of the grain disturbs the stress/strain field locally, and although the sensor

provides an output under load, this is a function of the local stresses and

strains around the sensor. What is required is the relationship between

hth sensor's electrical output and a specified component of the stress or

strain field that would exist in the grain if the sen~sor were not there.

This, then, is the goal of the transduacer calibration tests.

The calibration tests may be perform-ed in special fixtures designed to

produce simple stress fields. These enable a thorough evaluation of a

<p-citic gage type. Unfortunately, in m-any cases it is not possible to

remove a transducer from the fixture after calibration without great risk of

damage. Therefore, in Mdiin to these laboratory calibration procedures,

in s itu ca-libration techniqu.-s are also required. Thlese in situ tests then

will orovide the calibration da-ita for a particular transducer em-lbedded in a

spec ifiedi location with in a grain.

Thse transducer -6rain interaction studies have de-nionstrated that w

cannot retzard the em-bedded senso)r alone zis the nwasuring transducer. The

s ys ten, inlc ltding the propellant suirrouind ~vig the cinbedded gage and any%

case mate rial to which the gagt may Ime attaQched, m'lust be considered in an

adequate calibration proceolire. The ne-chanical and thermal effects of the

propellant nn the embhedded s e nsor -must be deterrinimed before the de \'icf- is

u le'I. The calibration data supplied a.,.itl3 the sensor by the manufacturer

mnust be replaced by noev.- data generated under realistic conditions. i. C. , with

the gage ernbedded in propel lar;..

13.2Z ERRORS AkND INACCURACIES IN ELECTROMECHANICAL-
SENSOR DATA,

fPefore , thorotugh cv;,Ai.,l'tof )rd cailibration pocrcure for ;a transducer

in coniunction with proipellaint i,ý cons irl'rod, thef device itc;ef should be

closc-ly vx;imined to rnikc certain tha)t il is, suita-ble foi- use is ai stre~ss- or

Z) LaeIIDcopy
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strain sensor. Thus. factors such as the following must be reviewed

before accepting a transducer system:4;

(1) Transducer temperature compensation for sensitivity and

zero drift

(2) Transducer and electronic recording equipment

reproducibility

(3) Long-term stability of transducer signal (includes a

drift in power supply)

In general, transducers manufactured by a competent instrument

In fact, limits for acceptance will form a part of che specification.

However, it mnubt be appreciated that faý_cors such as the therm-al zero

drift of the sensor alone, or the usual minute inaccuracies inherent in

modern electro-mrechanical sensors, will be of no great importance once the

device is embedded in propellant. Typical changes in thermal zero shift

with temperature, and changes in sensitivity caused by embedment, will be

discussed later in this appendix.

The following subSection1 dISiLUSSeS briefly the factors to be considered

if predictive calibration is the uriportant application, i. C. ,the gage is to be

used to measure field quantities in a prescribed thermal, but unknown

mechanical enivironmient.

B.3 PRINCIPLES OF' GAGE CALIBRATION'

B.3.1I Introduction

To clarify the nature of problems associated with gag,- calibration, it

ga is convenient to thinb- o-' the gage and the embedding matcr~al as a *'blacl<hbox" or a systerr, as depicted in Figure B-1. TIhe gage, surrounded by an
embedding material, is subjected to certain therrmomechan'.cal histories,

< Iincludinkg stress, strain, and ten-);erature. If one imagine-. that the gage

adf eniibedding rnaterial are sepzarated at their interface, it is apparent that

the Rage output (voltage) d-epends, in~ some fAashion, on the deformation and

25 By Professor Karl Pister. University of California, for Mathemnatical

Sciences, Northwest -,Ref A-W-)
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THERMOMECHANICAL-STATE HISTORIES, ?(z), !(z). T(z)

EMBEDDING ~ z z

VI ~~~MATERIALGAEVt

MATERIAL GAGE INTERFACE

'Z(z) - STRESS AT INTERFACE
f (z)-STRAIN INGAGE SENSING ELEMENTS

T(z)- TEMPERATURE IN GAGE NEIGHBORHOOD

Figure B- I Gage Irrffledding Material system
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temperature of the gage elements irrespective of the nature of embedding •7
material. This leads to the basic proposition, presented in Equation B-I,3 governing the gage system function. On the other hand, it is equally --I

apparent that the gage deformation is ILiked directly to the stresses acting

on the material/gage interface. These stresses will depend upon the pro-

perties of the embedding material and the gage. As a result, calibration

in a practical sense cannot be separated from material characterization

and material response in a given calibration fixture. The following sections

address the problems mentioned above.

The following propositio,-i governing gage behavior can be adopted:

The voltage output of a measuring device (gage) is determined by the

history of strain and temper-ture in a neighborhood of the gage. In other
words, the voltage r time, t, is the value of a functional of btr&in and tem-

perature in a neighborhood of the gage. This can be expressed symbolically

as

V (t) =F [i(s). T(s)] in N. (B-1)
s-0

where V(t) is the voltage output, £ is the strain ten.-or, and T the tempera-3 ture in some neighborhood, N, defined by tlhe gage. 'T.e functional F will be

called the "gage transfer functional." In the sequel. Equation 1B-1 shall be

limited to the special case where the gage is coomposed of nonhereditary

elements, i. e. . its response is elaEti(. In this inst. e, Equation B-I
takes the forni

v(t) -- F" I (t), T(t)] (1B-2)

where F now denotes the 'gage tran:sfer function,' To proceed further, the

functioning of typical gages must he examined briefly so that the notion of1 gage neighborhood -.nd the role of the strain tensor in Equation B-2 can be

defined. This will be accomplished for two examples: the diaphragm type

contact gage and the on.",edded filame'nt gage.

I in a typical diaphragm gage for small displacement of the diaphragm,

the voltage output depends primarily upon the rotation of the end-points of

the transducer bonded to the diaphraggm. The strain tensor appearing ,ri

Equation B-2 thus occurs ir a particularly simple way in the transfer func-

tion. The diaphragm rotation depends upon the magnitude and distribution

of the normal stress ac'Ang upon the di-,ohragm (and to a much lesser extent,

1 1B-4
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upon~he searing 6;tres aip.Acr~i;y.. ip -this inst-anccý the ýgage,

~igberoo- -i x~fin~7tby- the corta~ct s~urfacu betwetn thediaphi'gm-r d

t~e urrondig meium.l~ he special c-ase of a, fluid zt -rest, sern
sresses anish an niomnorzlrnss acts; on-th~a Cijap'rag,.Cns--

quently, the voltage output 1z, eas ily reeated-to no rmal ostr es s at-. the gyage-

in the case o1 a gage bonded to a, deforrn able 5,li, 0omever, wihe probIcmn f

reain rnsducer eiicpoint 'rotatioý- to interface str#ese~p is .-nuch f-nore

complicated in Ehat tleroeinc1prop~ext-ied of-ffth -Vray.e invo'lved._

Thý`.s difficulty constitute. the mnajor obst -chj in gage calibrat'ioxi foi- u~se -in

~ - deformable so-lids.

1-N A~~~i a second, example, consider a single fila-mnenr of fiuiitý- lengtahu

Membedded in a solid. The voltage output depends on the Cha-ngre rni o~ of

the filamnent, which is prouporziozal. to so-ffe average 6traln over th-- length.

If the length is small, or the -extensilonai strarn gradient srr-.ll zhý± average

is a signzificant quantity. In this instA.ance the gage neigý.Jborhoo_' is zihle st~t o f

points defining the filamnent.

Orce again, the -strain tensor, E , appea~ring in the ga--ge tra-r.&-ler funt"ion

ocZcurs in1 a simple way: the gage voltage depends nupc-. cxeis~ t->

aloung the filament. Roviever., in the present casee, the average extenr-ional

strain depends xipon all components of the stre-Es tensor in the g~age nceighbior -

hood. in addition to a knowledge of therrimomchcrnica. mate~rilprells

for the solid, a sufficient numnber of ii~depende-nt filaments with a "!con-u-non"~

-VE ne-igHborhood is required to calibrate the gage.

To -Lvrmarize this section, the olwhgpoints are observed:
0 From the mechanical designi of the oa~ge., the gage deformation

(related cdiz~e(;tly to the strain field in the surrounding sol~idl

can be expressed in term--- of i;oltage output

-from a know~ledge of the mechanical properties of the sur-

_i-ounding solid, gage deformation cani be related to stress

t;2 ccmponents in the gage neighborkhood

o Asufficient nu-mber of indpedent -aes mnust be er p1.oyed

to prcvide diata for determtining the unkno-wn stress components

The, manner in which gage calibrationi is related to m-laterial propertiejs

Its ~of the fembedding material wrill, be disc~ussed ii- the following subsection.

44 B-5
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J~}±~aL1,rChaeraczzaton -arnd -Gage Caiibration>

As mentioned previously, T-n• pfjrI-lbehm of gage- calibration for a gage

embedded Z a solid depends upon a complete k-,owledge of Lhe thermor-

2 mechanical properties of both the g•:ge mater-al and the solid. That this is

so, is e-viden-u if the fa.ct is considertd that the contact between gage and

solid ib continuious ana that L, a particular application the stress and strain

state in the gage neighburhood i- statically indeterminate. Furthermore,

from a practical standpoint, it is impossible to produce an experiment in

which the stress, strair,: and temperature for the gage neighborhood are A

controlled, known variablus. Therefore, true calibration can only be

obtained indirectly by a combination of analysis and experiment. Such a

scherre employs a test fixture incorporating gage and solid in a way that

stress, displacement, and temperature are controlled on the boundaries of

-the fixture, For these specified boundary histories, the gage output is

reco--ded. The problem that remains -is to relate the boundary histories to

gage neighborhood histories. The device for accomplishing this i_- a mathe-

matical bo•indary value problemn. The solution of such a problem relates the

boundary and gage neigKborhood stress, strain, and temperature histories

to the gage oaitput, provided that the mechanical and thermal properties of

the gage and solid have been cornpletely determined for the range of interest.

Furthermore, by solving the samie boundary value problem of the test fixture

with the gage removed, the "fre& field" mechanical state at the gage neigh-

borhood can he found. From this irformation, the extent of gage interference

® --•can be determined.

Returning nowto the gage transfer function defined in Equation B-2, the

diaphragm gage is taken as an example. From i-nowledge of the thermo-

H •-• mechanical properties of the gage and solid and solution of the boundary

value problem for a given test fixture. the normal stress in the gage

neighborhood can be calculated. The average normal stress can be calcu-

lated for the gage neighborhood, and this value used to calibrate th e gage for

experimentally determined voltage outputs for the given test fixture. in

addition to dependence upon temperature, the calibration depends upon the

properties of the solid for the stress state and temperature associated with

the text fixture. This is an extremely important point to grasp because

utilization of the gage presents an inverse problem: i. e. , given the transier

B3-6
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uneiac-iorl 41d the g-age o-utpuz, dete-rn. the d-anhram nrma s tr-lýsi

adssumin -ternper&ture, Is obra-Ired biy -j-e~nen in e-as5ur i: M,ýnt. Cleary

-the uivej-c-5 probler~ hs a scolutio LU i th- -fer. n e a -wy I -appl!e -toAstato

cotyresembl~ing thett of Lhe caliL-ratioj, f-ixture k:, the gage neigEhooxhood.

iB.3.3 Gage, Cali-hrat-jon -for E~lastic. Solids

inasrmich as state-of-the-art aiialyszs Fr-, solid rocket -mxotors relies

W-1 ~pr-limarIIlY oln !Wear, ejiastic- analysiis, a reasonable p~oint of departure is to

as surn-e that the embedding z-I!i;3z-ier isotropic elsi.This in.ýplies

VE I ha-t two elastic cop-stants and two the-rmal c-ornrtants charracter-ze the
4R4 rrimateriai, in the case off -an inc_-rn pressib1e -solid, only cne elastic constant

is equir-ed. With t-his informatiun rihda'gwtapesre et

fixture such, as a uniaxia-l jig for a diaphxragmr gage, the gage can De c-a-li-

f brated. For a-n el-astic solid, the voltage output is a funcctiorý of normal

stress -in the gage neighborhcod, temnperaxture, and solid mechanical -

proet 0s r Fa-z_,(t-", Tit), E. vj '-3

a~nd lox a linear- gage, this r-educes to

wh e re -ris an aver'age noyrnal streoss over the gage neighborhood a-nd Kis

the gage transfer conistant for theý particular solid in the giver; test f fture.

T-His equat-ion is easily inverted to emoresG Anornmal stres~s as a funr-ti~oii o!

Sage output. it is ess;ential to recogniz-e here tha- Kr m-ay deptcnd zapon t ern -'. ne~rature as well a- upon the elastic constants of LEA.- Hi:.1-oeer o

well designed gage, the deper.dence of solid propertLies may be s light.

The significant i-mdterial pa-ramneter-s a~ffectintg calibration a ctualily are

the mxodulu6 of elasticity of gage and solid and the-ir respective Poissojn.S

ratios. The. calibration can be effectively studied in ternis o the quantities
V, Vg

For ptobleinis with variabl temperature, the dependence of K and T

Must. be determined experime-ntally, as well as a correction made to incor-

porate temperature compensation .:,orrectioris, if any. Obser've her~e that

3& ~ the transfer ýonstant, K, depends explicitly on the type of calibrat-ion fixture
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SI employed. -For example, -if a gage were mounted-on-a surface at -which

S - simple shea-ring: deformation occurrad, K would be equa1--to -zero. It -is

aa -important- to establish the range of st-ress states over which -K ade-quately

defines the transfer function. Uniaxial-test jigs subjected to hydrostatic

V pressure and tension provide examples of such extensions.
If a nonlinear elastic solid model is ubed for the solid, the calibration

procedure differs in the following points: material characterization is comr-

I plicated by the fact that for an isotropic solid, three material functions are

i a 1 required in place of two constants (two functions for an incompressiblef material). Furthermore, the boundary value solution relathig mechanical._

input-to the test-fixture and gage neighlborhood stress -now is nonlinear,

S Solution schemes are ri more involved and -numerical results less well defined.

In the discussion above it has been tacitly assumed-that a solution

I •method for the boundary value problem also is available. Because of the

complexity of most gage calibration fixtures and gage applications, anrk

approximate numerical schemeis necessary As aresult, an additional

1 source of uncertainty is introduced in the problem, both from errors in the

approximate solution as well as from the numnerical analysis neighborhood

El introduced by any discretization technioue such as a finite difference or

finite element method.

3B.3.4 Gage Calibration for Linear Viscoelastic Solids,

-The calibraC-on procedure required for solids that are linear, isotropic

viscoelastics is essentially the same as for an elastic solid. In place of two

Selastic constants, there now appear two functionrs of time (creep or relaxa-

tion moduli) for isothermal characterization. The test fixture input now is

_ a history of boundary traction and displacement. The solution of the test

6 ITT fixture boundary value problem relates this input history to the gage neigh-

* borhood stress history, which in turi; Droduces the values of voltage output.

In a typical mixed boundary value problem for a test fixture, the spatial

distribution of stress (hence gage calibration or gage tiansfer functionl

-" For a more comprehsnsive review of gage calibration in a viscoelastic

material see the Third-Year Final Report, Structural Test Vehicle

Program, to be published Decemnber 1971 .
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dep-ends explicitly on, the viscovelasti-c mnat eri-U funICt:0ions -Which- depe-nd: on

time, The significant paramete-rs affecting Che -trans-fer function are -now _

-IVktL Vg Ini typi- -visleoolast-ic solids, the va-,iat;o riý- EfLJ may
i~g amount to man- orders of magnitude. Accordinigly, calibration must be

approached mnuch more carefully. Experiments arid numnerical a~nalyses

must be conducted over a, sufficiently wide range of cornditions ---f tirne arid

temnperature to permit proper calibration, Experience. with calibration, for

elasti-C solids suggestz th-at the gage transf-er function is fairly iris ensiti-ve to

ther~io ~t/E ovrcranrne. In conducting experim-rents in which

tepeatr canesae ntouced, it i& desirable tht th ex rmal equilibrium

be attained before calibration. T empe rature gradients in the fixture will

jintroduce nonhon-og-eneity in rraterial propertie-S, tn-Us coi-1plicatine the

zelation- between boundary' input data and gage neighborlhood stresses.

M B.3.5 Gage Interaction Problem

In th e introduction, it -was mentioned that every gage creates its own

0 field or perturbation of the myechanicaclI field that is to, be me-asured. Accord-

ingly, the calibra-tion procedures described abcive a-re by them-ns-elves inade-

M'z ~~quate to perm-it predi,-,Live inforrmation to be obtained. To com--plete the. total

calibration procedure, the gageý field m-ust be determined for1 each tes~t

fixture and experiment so that it ca-r be subtracted ftron- any future use o f the

gage for prediction. Once again this involves the for-.nulation an-.-i solution of

rnathemnatic-al, boundary val-ue problems. The calibrat-lor experiments must

be resolved with the gage remnoved to cz-iculefte the pert-Urbation: 0f the

miechania filspouced 1by the presence of the gage. This perturbation

subsequently mnust be sul-tr-acte-d from all fuiture predictions of' stress anid

strair- states made. by the gage. It mnust be recognized again that the pertur-

Ziff bation depends on the test fixture configuration, ab well, as upo-n the type of

loading of the fixtnre, F-or this reason, care should be exercised in selec-ting

fixtures which produc:e stress ficlds representative of intended application of

the gagf-:.
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